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1 
Preface 
Traditionally, organic synthesis has been the field of skillful organic chemists with 
an encyclopaedic knowledge of organic chemistry. Although this situation persists 
to the present day, the continuous development of new synthetic methods and 
new applications of existing ones places an increasing burden on the chemist's 
memory. It would appear that computer assistance could relieve this burden. 
However, computer-assisted organic synthesis is a field of research which 
evokes more enthusiasm among its developers than among its intended users. 
On the one hand, developers wish to create a computer program that can gener-
ate efficient synthesis routes and they are exhilarated when their system comes 
up with a beautiful route. On the other hand, chemists who think that comput-
ers really "know" chemistry will invariably be disappointed when the program 
produces the odd "impossible" reaction. 
It is the author's hope that the reader will gain some appreciation of the inner 
workings of synthesis-design programs and thereby bring them to better use, as 
is already the case with reaction-database systems. 
The first chapter of this thesis is a review on computer-assisted organic syn-
thesis; it is concluded with a thesis outline. 
2 
Chapter Χ 
Computer Applications in Synthetic Organic 
Chemistry 
A brief review of history, methods, and programs" 
1.1 Introduction 
The interest in the use of computers in synthetic organic chemistry has shown a 
considerable increase over the last decade, possibly reflected in the special "Com­
puter Session" at the 8th International IUPAC Conference on Organic Synthesis 
in Helsinki.1 However, the impact of computerization has certainly been less than 
in other disciplines of science. For example, molecular modeling is a technique 
which was developed around the same time and its use is widespread now. One 
might speculate on the reasons for this observation, but among them certainly 
the following are important: 
• Computer tools were (are?) less vital to the work of synthetic chemists 
than they were to other chemical disciplines, or at least synthetic chemists 
thought they were. 
• The sheer vastness of synthetic problems, resulting in a huge size of the 
so-called search space, was (and still is) a major obstacle for software de­
velopment. 
• The synthetic way of thinking is much more structure-oriented than that in 
many physico-chemical disciplines, making the lack of affordable graphics 
"This chapter is a revised and updated version of a publication: Martin A. Ott, Jan H. 
Noordik, Computer tools for reaction retrieval and synthesis planning in organic chemistry. A 
brief review of their history, methods, and programs. Reel. Trav. Chim. Paya-Bas 111:239-246, 
1992. 
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hardware in the 1980s in most organic laboratories an obstacle to the use of 
the more advanced graphics systems. Simultaneously, computer programs 
which did not communicate through structural formulas, the chemist's nat-
ural language, were of no practical use in the laboratories. 
Yet computer-assisted organic synthesis (CAOS) programs have been around for 
more than two decades now. Developments started in the early sixties with 
pioneers like Vladutz2 and the group of Lederberg,3 and around 1969 Corey and 
Wipke4 published their account of a synthesis design program, a program to assist 
the chemist in finding routes for synthetic target molecules. In retrospect maybe 
somewhat surprisingly, it was not until more than ten years later that reaction 
retrieval systems, conceptually much simpler than synthesis design programs, 
were developed. These systems enabled the chemist to access the vast synthetic 
literature in a structure- and reaction-based manner. Such an approach was 
(and is) hardly possible through traditional search methods. At about the same 
time (around 1980), programs were first written to predict reactions according to 
reactivity models.5,6 
Currently, the range of CAOS programs which have been developed can be 
(sub)divided according to various criteria. The classification used in this chapter 
will be primarily based on functionality: 
CAOS programs: 
• Reaction retrieval programs 
• Synthetic analysis programs: 
- Synthesis design programs 
- Reaction prediction programs 
- Mechanism elucidation programs 
Often, the design and prediction systems are together called "synthesis planning 
systems". However, since the term "synthesis planning" often refers to synthesis 
design only, its use will be minimized here to avoid confusion. Instead, the term 
"synthetic analysis" will be used to group together the "generative" programs, 
which generate reactions by application of chemical knowledge, as opposed to 
retrieval programs, which by definition only retrieve reactions and data from 
databases. 
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In the area of synthetic analysis, another division can be made into two 
groups of systems: information-oriented and logic-oriented systems. This divi-
sion marks a parallel one between two ways of thinking: the "classical" synthetic 
thinking (using all chemical information available) and the "mathematical" way 
(searching for all conceivable solutions using a mathematical model). Overall, 
few systems have matured to a stage where chemists can easily use and really 
rely on them to find solutions for complex synthetic problems. This is proba-
bly particularly true for the second group, where many of them are still in the 
laboratory phase of development, and to a lesser extent for the first group. Also 
user-interfacing frequently lacks the necessary professional touch, especially when 
the actual planning process proceeds in a non-interactive fashion. 
1.2 Computer-Assisted Reaction Retrieval 
This topic has been discussed rather extensively in e.g. the proceedings of meet-
ings in 19857 and 19888 and since then no fundamental innovations have taken 
place from a chemical perspective.9 Therefore only a short overview will be pre-
sented here. 
In a way, computer-assisted reaction retrieval systems are a spin-off from 
synthesis design programs developed earlier (ORAC10 from LHASA,11 REACCS12 
from SECS13). The techniques used (graphics displays, structure representation 
and manipulation) were modeled on the older systems. Reaction retrieval systems 
are in fact computerized libraries of reactions. They offer the chemist a selection 
of reactions actually performed in the laboratory and published in the primary or 
secondary literature. Works from the secondary literature are generally covered 
completely (a good example is Theilheimer's Methods of Synthetic Chemistry), 
but the primary literature is abstracted selectively, mostly by expert synthetic 
chemists. These systems do not attempt to cover all reactions ever published, 
since in that case almost any reaction query would lead to an unmanageably large 
number of answers for a specific query - a number of 20 to 40 answers is generally 
considered ideal. Instead, an attempt is made to select representative, as well as 
special, reactions and reagents. As an additional bonus for this restricted coverage 
of the synthetic literature, search times are kept reasonable for interactive use 
(at most a couple of minutes). 
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Early attempts at computer-assisted reaction retrieval offered only text-ori­
ented indexing. Thus, query options in these systems were authors, keywords, 
compound name, and sometimes compound formula. Developments in the mid-
1980s are well-documented in the Proceedings of the conference in York (UK) in 
1985.7 These developments are reflected in the power of contemporary systems, 
which is derived from two techniques: substructure searching and atom-to-atom 
mapping. 
Substructure searching. A chemist can specify a crucial part of his target 
molecule (a substructure) to the system, which then will retrieve all re­
actions which contain that same fragment in their products. This search 
facility ofFers a huge advantage over traditional literature search methods, 
because it is directly linked to the chemist's natural language. Despite this 
advantage, substructure searching alone still poses serious limitations to the 
type of structural reaction queries that can be constructed. 
Atom-to-atom mapping. The use of atom-to-atom mapping considerably en­
hances reaction query construction.14 This technique enables the chemist 
to specify that a particular substructure in the product is derived from a 
corresponding substructure in the reactant(s) (Figure 1.1). In this exam­
ple, the reaction query is a selective ester reduction in the presence of an 
aldehyde. The use of atom-to-atom mapping in this query (depicted with 
atom labels) ensures that the primary alcohol derives from the ester and 
not from the aldehyde. Without the mapping, the system would retrieve 
many false hits, such as an ester hydrolysis (with a primary R group and a 
non-reacting aldehyde). 
o o о он 
X JL — - I 2 -I-H 
Figure 1.1: Atom-to-atom mapping. Note that the two fragments do not neces­
sarily belong to different molecules. 
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1.2.1 Systems for Reaction Retrieval 
ORAC. The current version (7.9) of ORAC (Organic Reactions Accessed by 
Computer)10 is a powerful and user-friendly reaction retrieval system. ORAC 
has databases abstracted from both the primary (70,000 reactions) and sec-
ondary literature (Comprehensive Heterocyclic Chemistry, 38,000 reactions; 
Theilheimer's Synthetic Methods, 42,000 reactions). The most important 
query options are bibliographic data (author, journal, year), structures (ex-
act, similar, and substructure) with possible indication of structural change, 
reactions (using atom-to-atom mapping), yield, and keywords (for reaction 
types, reagents, and solvents). It is not clear whether keywords are used 
consistently and exhaustively in the database; this may also vary between 
older and newer parts. For example, the Theilheimer database is not pro-
vided with keywords. Queries based on keywords probably do not give 
complete retrieval, but they can be conveniently used in a query to exclude 
unwanted types of reactions. Search results (called answer sets) can be 
stored on disk files. The ORAC system is exclusively VAX/VMS-based. 
The many indexed search fields and, to a lesser extent, the extensive use 
of keywords contribute significantly to the disk space requirements (4.3 
kB/reaction) of the database. ORAC was installed at some tens of indus-
trial sites. Over the last few years, databases from different vendors have 
become available which has resulted in e.g. a CAOS/CAMM Center im-
plementation currently covering 330,000 reactions and several specialized 
fields such as heterocyclic and protective group chemistry. 
MDL15 has discontinued maintenance of the ORAC system, resulting in its 
eventual demise as VAX/VMS will be superseded by OpenVMS. 
REACCS. The current version (8.2) of REACCS (Reaction Access System)12 
is also a powerful reaction retrieval system. REACCS' databases are ab-
stracted from both the primary (current literature, 33,000 reactions; synthe-
ses using organometallic reagents, 10,000 reactions; asymmetric syntheses, 
11,000 reactions) and secondary literature (Theilheimer's Synthetic Meth-
ods, 47,000 reactions; Journal of Synthetic Methods, 36,000 reactions; Or-
ganic Synthesis, 5,000 reactions; Comprehensive Heterocyclic Chemistry, 
35,000 reactions). The principal query options available in REACCS are 
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bibliographic data (author, journal, year), structures (exact, similar, and 
substructure), reactions (using atom-to-atom mapping), yield, solvents, and 
reaction conditions. Search results (called lists) can be stored on disk files. 
The REACCS system runs on IBM (under VM/CMS and MVS/TSO) and 
VAX (under VMS) systems. The disk space requirements for REACCS (2.0 
kB/reaction) are considerable, though not as large as those of ORAC. The 
system was installed at far over 100 industrial sites. 
MDL15 intends to replace REACCS with IRDAS (vide infra). 
SYNLIB. The current version (3.23) of SYNLIB (SYNthesis LIBrary)16·17 is 
an easy-to-use and compact reaction retrieval system. Its database is ab-
stracted by an academic consortium from the primary literature only (about 
86,000 reactions). Among the query options offered by SYNLIB are reac-
tant and product substructures, strategic bonds, reactions (but without 
atom-to-atom mapping), yield, reaction conditions, and text fields (for au-
thor, journal, year, reaction types, reagents, and solvents). The absence 
of atom-to-atom mapping may result in the inability to construct a spe-
cific reaction query and sometimes causes the generation of a considerable 
number of irrelevant hits. The disk space requirements (0.5 kB/reaction) 
are much smaller for SYNLIB than for either ORAC or REACCS, but the 
lack of indexed fields results in longer search times. The user is not always 
aware of these search times, because SYNLIB displays a search result (hit) 
as soon as it is found, and while the user is studying the display, the pro-
gram continues to search for the next hit. However, search results cannot 
be stored on disk files. SYNLIB runs on VAX/VMS and Unix systems and 
is also available in a personal computer version. 
Other Reaction Retrieval Systems. Chemical Abstracts (with CASREACT18), 
and Beilstein19 have begun to construct (and already partially completed) 
comprehensive reaction databases connected to their other databases. These 
reaction databases are often much larger than those of the other retrieval 
systems mentioned. However, because larger databases will generally result 
in larger numbers of hits, additional methods are needed for querying and 
browsing, e.g., data clustering tools for the answer sets. 
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1.2.2 Reaction Retrieval Summary 
ORAC and REACCS are the most sophisticated reaction retrieval systems avail-
able today. In addition to the "normal" query options, they both offer a search 
option in which structures can be searched which are more or less similar to the 
query structure. This option can be used to browse through the database and 
works nicely to generate ideas. In ORAC, REACCS, and SYNLIB, the databases 
abstracted from the primary literature display only a limited overlap,20 although 
this may increase in time.21 However, it may still be worthwhile to search all 
databases for reactions, or to convert22 databases for use with the other systems. 
MDL,15 which sells both ORAC and REACCS, is currently moving over to a 
new generation of chemical software, called ISIS (Integrated Scientific Information 
System). ISIS is a modular, client-server-based system consisting of communi-
cations, drawing, and database programs running in a windowing environment 
available on Macintosh and IBM personal computers. The reaction database sys-
tem in ISIS is IRDAS23 (ISIS Reaction Database Access System). Its functionality 
has been gradually enhanced to the level of that of ORAC and REACCS. 
The currently available reaction retrieval systems should be considered to be-
long to the standard laboratory equipment of every synthetic organic laboratory, 
and access to these systems should be as easy and normal as the consultation 
of journals in the library. However, barriers to such easy access still exist at 
many places where Local or Wide Area Networks have not yet been adequately 
developed. 
The availability of databases from different vendors24 is a recent develop-
ment. An additional trend is the production of databases devoted to specialized 
fields such as protective group chemistry, biomolecule-catalyzed reactions, and 
solid-phase reactions. This very selective coverage considerably enhances the 
information content of the databases. 
1.3 Computer-Assisted Synthetic Analysis 
As explained before, systems for synthetic analysis can be classified according 
to the type of application (Figure 1.2). The two most important applications 
are reactivity prediction and synthesis design. With reactivity prediction, the 
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Reaction prediction: Reactant(s) •• ? 
Synthesis design: ? <? Product 
Mechanism elucidation: Reactant(s) * , Product 
Figure 1.2: Three types of synthetic anaJysis. 
problem can be stated as follows: given one or more chemical compounds and 
certain reaction conditions, what will be the result? Which new compounds will 
be formed? Which side reactions will occur? Which conditions or reagents will 
improve the yield of desired product? With synthesis design, the problem is at 
least as complex: given a desired chemical compound (or a number of related 
chemical compounds), what is the optimal sequence of reactions, starting with 
available compounds, that will result in the desired compound? Secondary factors 
such as cost, toxicity, waste, yield, and purity considerations may be involved in 
this analysis (and, of course, these factors may not be secondary to all of us). 
These two branches of synthetic analysis are intimately connected,25 since any 
reaction proposed in synthesis design should be scrutinized for feasibility. In a 
way, reactivity prediction may be treated as a subordinate problem with respect 
to synthesis design. However, the current state of development of computer tools 
in synthetic analysis is such that almost none of these systems can yet address 
both problems simultaneously. 
Synthetic analysis has always been the exclusive field of expert synthetic 
chemists who have been thoroughly taught and trained. Chemists have tackled 
synthesis problems for more than a century now, with continuously increasing 
success, and without using any computer tools. So why use a computer in syn-
thetic analysis problems at all? Several important reasons can be given: 
• The amount of information to be "digested and processed" by contemporary 
synthetic chemists is huge. The number of synthetically relevant reactions 
has been estimated at 25,000 and the corresponding number of starting 
materials at 3,500 (ref. 26, page 158). Although this number is considerably 
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lower than the number of reactions in reaction databases,10,12,16 which must 
contain several specific examples (instances) of a single reaction, it is still 
too large for a synthetic chemist to remember all of them with equal ease. 
In practice, a chemist designing a synthesis will consider a much smaller 
number of reactions. 
• Direct and systematic access to all relevant reactions broadens the chemist's 
synthetic horizon. Synthetic analysis systems should be considered as sys-
tems to "create ideas" for probable pathways towards a complete synthesis. 
• Reactions (or mechanistic steps) can be applied in many possible ways. For 
a chemist, it is a tedious and exhausting job to inspect all such possibilities. 
The fact that so many reactions have to be considered makes this even 
worse. A computer program can explore all possible reactions, although 
for a multi-step analysis the resulting combinatorial explosion might be 
prohibitive even for a computer. 
• Biases may obstruct a full analysis, even unconsciously. Personal prefer-
ences may exist to use a particular reaction, or to perceive a particular 
chemical structure. Perception is crucial, particularly in structurally com-
plex targets. For example, most synthetic chemists would easily arrive at 
the first sequence shown in Figure 1.3. But how many of them would find 
the second sequence, and would they immediately realize that the two se-
quences are in fact identical, due to the symmetry in the target molecule? 
A computer program (when properly written) cannot be misled by the way 
in which a structure is drawn, or be distracted in any way from essen-
tial features. Many (organic) structure perception algorithms, aiding the 
synthetic chemist, have been developed and incorporated into synthesis de-
sign programs over the last 25 years (ref. 26, chapter 9). Among these are 
algorithms incorporated in the computer program CHIRON,27 identifying 
specific chiral fragments in complex target molecules. An alternative tool 
is offered by the WODCA system,28,29 which allows an efficient look-up of 
starting materials with the same skeleton and generalized functionality as 
the query structure. 
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Figure 1.3: Synthetic analysis of a polycyclic molecule. 
1.3.1 Synthesis versus Retrosynthesis 
Synthetic analysis can be performed in two directions (Figure 1.4): the synthetic 
direction, corresponding to laboratory operations, and the retrosynthetic (or anti-
thetic) direction, going backwards from a target molecule to starting materials by 
way of transforms or retro-reactions. The latter, usually depicted using a double 
arrow, are not chemical reactions going in the reverse direction (like a retro-
Diels-Alder or retro-aldol reaction; these are reactions), but thought processes. 
The term retrosynthetic analysis is a synonym for retrosynthesis; it expresses 
more clearly its "imaginary" character and will be used in this text through-
out. In general terms one might say that a synthetic tree can be expanded 
forwards, from reactant to product(s) (synthesis), or backwards, from target to 
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Synthesis Retrosynthesls 
7 
7
 4 
7 ^ 
? <^= Product 
7 
Figure 1.4: Synthesis versus retrosynthesis. 
precursor(s) (retrosynthesis). The most important systems for synthesis design 
operate in a retrosynthetic fashion. The reason for this is that retrosynthetic 
analysis lends itself well to a description in algorithms and thence in computer 
programs. Of course, reaction prediction systems operate in the synthetic sense, 
but also synthesis design systems generally may have to evaluate the application 
of transforms by checking the corresponding reactions in the synthetic direction; 
sometimes there is simply no other way to do it, for instance when selectivity has 
to be assessed. 
An intermediate type of synthetic analysis is the so-called bidirectional anal-
ysis. This type of analysis is performed with mechanism elucidation, or when a 
desired compound has to be made from a particular starting material. Of course, 
such an analysis can also be done synthetically or retrosynthetically, but a bidi-
rectional analysis is thought to be more efficient because the search space can 
be kept much smaller.30 At the moment the only computer systems which can 
perform a bidirectional analysis are used primarily for mechanism elucidation. 
/ 
Reacts nt 
\ 
14 Chapter 1 
1.3.2 Logic-oriented versus Information-oriented Systems 
An important distinction which must be made between the various systems for 
synthetic analysis is based on the contents of the chemical knowledge bases of the 
systems. This distinction has briefly been mentioned in the introduction; it is 
between so-called logic-oriented and information-oriented systems (terminology 
from Ugi30) and applies to all types of synthetic analysis systems. 
The logic-oriented systems use simple bond-making and bond-breaking steps 
to describe a reaction, often together with mechanistic or thermodynamic consid-
erations. Such a system may even contain a scheme of unprecedented chemistry 
(terminology from Ugi26), i.e., a mathematical model to predict chemical con-
versions. In principle such systems can generate all reactions, both known and 
unknown ones. However, just because they can generate so many reactions, an 
important part of these systems has to consist of evaluation functions to discern 
chemically valid and invalid reactions. These evaluation functions constitute their 
knowledge bases. The quality of the results presented to the user depends heavily 
on them. Among the properties evaluated by logic-oriented systems are heat of 
formation, electronegativity, bond dissociation energies, polarizability, and strain. 
Currently, most logic-oriented systems are used for reaction prediction and mech-
anism elucidation. 
The information-oriented systems rely on a library of known chemical reac-
tions and/or reactants, often accompanied by information about the scope and 
expected yield of the reactions under various conditions. This reaction library, 
the knowledge base, represents most of the chemical knowledge of an information-
oriented system. It follows necessarily that these systems are limited by the con-
tents of the reaction library: they cannot generate reactions which are not repre-
sented in the knowledge base. Another disadvantage of the information-oriented 
systems is that the building of a comprehensive knowledge base requires the con-
tinuous effort of specialist PhD-level chemists. The quality of the knowledge base 
depends on developments in synthetic chemistry: new reactions and new appli-
cations and improvements of existing ones are published daily. This means that 
continuous updating is necessary to keep the knowledge base up-to-date with re-
spect to reactions and their scope. On the other hand, in information-oriented 
systems many properties of known reactions can be described: regio- and stereo-
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selectivity, strategic merit, expected yield and influence on yield by structural 
features, experimental conditions. This great detail can hardly be surpassed by 
logic-oriented systems in the foreseeable future. Only when the generation and 
particularly the evaluation of reactions by logic-oriented systems has been per-
fected (and without being too calculation-intensive), will the information-oriented 
systems have been made obsolete, at least with respect to the part relying on in-
formation about reactions. This is not likely to happen in the near future, though. 
Currently, information-oriented systems are used primarily for synthesis design. 
The different areas of application of logic-oriented and information-oriented 
systems (reaction prediction vs. synthesis design) are not surprising, since with 
reaction prediction one is especially interested in unforeseen or even unknown re-
actions, the latter of which are generally absent from a knowledge base containing 
known chemistry (terminology from Ugi26). However, information-oriented sys-
tems may, and regularly do, come up with unexpected applications of known 
reactions. 
1.4 Logic-oriented Synthetic Analysis Systems 
Logic-oriented programs do not use any chemical libraries, but perform analyses 
in a non-empirical manner, describing reactions as rearrangements of chemical 
structures or of ensembles of chemical structures. Programs like IGOR31 and 
earlier versions of EROS5 are not (yet) intended as tools to design new routes 
to particular targets. Rather, they are an exploration into a general theory of 
chemistry. These programs can perform analyses in both the retrosynthetic and 
the (pro)synthetic sense. The conceptual vehicle used in them is the mathematical 
model of constitutional chemistry developed by Ugi and Dugundji.32 In this 
model, molecules and ensembles of molecules are represented by bond-electron 
matrices (BE-matrices). Reactions are also described by bond-electron matrices 
(termed R-matrices), being the difference between product and reactant matrices 
(Figure 1.5). Of course, this mathematical recombination (which in chemical 
terms is a redistribution of valence electrons) can be done in many ways for any 
given structure. Chemical judgment is introduced by calculation or estimation 
of enthalpies of molecules and reactions. In that way impossible reactions can 
be excluded. Some generated reactions may, however, still not correspond to 
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Figure 1.5: Bond-electron matrix description of a carbonyl reduction reaction. 
a known reaction and these may still be unrealizable, or indeed may be novel 
reactions. 
A few programs will be discussed (no attempt will be made at exhaustiveness) 
as examples of the applied methodology. The present status of logic-oriented 
synthetic analysis systems can be found in two recent review articles.33,34 For 
a comprehensive review of the current state-of-the-art of Artificial Intelligence 
(AI) methods in synthesis design and reaction prediction, see ref. 26. The AI 
methodology is exemplified in the SCANSYNTH system35 and its current version, 
SCANCHEM.1 
1.4.1 IGOR 
The IGOR (Interactive Generation of Organic Reactions) program, developed by 
Ugi 3 1 , 3 6 and its improved version IGOR2 3 7 , 3 8 are typical examples of logic-based 
synthetic analysis programs; a short overview of the structure of IGOR will be 
illustrative. The purpose of the program is to assist the chemist in searching the 
space of all conceivable chemical reactions, in order to find unprecedented chem­
istry. In IGOR, the mathematical model of constitutional chemistry32 mentioned 
earlier forms the basis for a hierarchical classification of chemical reactions31 (Fig­
ure 1.6). The "combination" category contains more complex reactions39 which 
cannot be expressed as a simple electron shift in one linear or cyclic system. Fig­
ure 1.7 gives an example of such a reaction.40 IGOR is an interactive program; 
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Figure 1.7: Exampie of a reaction with a complex electron shift. 
thus, the user "descends" the hierarchy of reactions, making choices at each level. 
It is also the user who supplies chemical knowledge, imagination, and intuition 
in order to focus on novel, but not unlikely, reactions. 
1.4.2 EROS 
The EROS (Elaboration of Reactions for Organic Synthesis) program, developed 
by Gasteiger,5,25,41 is a non-interactive reaction-prediction program that uses re­
actions generated through formal concepts. Reactions are viewed as sequences 
of bond- and electron-shifting processes.5 These processes may be schemes very 
much like the reaction generators used by Ugi,31 or, in more recent EROS ver­
sions, much simpler ones such as the heterolytic breaking of a bond. Although 
EROS uses formal principles, it tries to emulate the chemist by treating a com­
plete chemical reaction as a sequence of such mechanistic steps. The reaction 
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steps are evaluated using thermochemicaJ (heats of reaction and bond dissocia-
tion energies42) and electronic parameters (such as partial atomic charges43 and 
inductive, resonance, and polarizability effects44-46). 
From EROS version 6.0 on, the program has been separated from the knowl-
edge base47 (c/. the LHASA program48). The knowledge base consists of the 
bond- and electron-shifting processes that are "allowed" for a specific applica-
tion, and their reactivity characteristics. This makes it much easier to adapt 
the system to totally different reaction types, such as those occurring in a mass 
spectrometer or those used in large-scale industrial processes. Recently attempts 
have been made to obtain information about the scope of a reaction from reaction 
databases, and to correlate experimental data with reaction parameters.47 The 
absence of failed reactions and the lack of kinetic data in reaction databases is a 
major obstacle to this approach. 
1.4.3 SYNGEN 
The SYNGEN (SYNthesis GENeration) program, developed by Hendrickson49-54 
is a retrosynthetic, non-interactive program. The program has a graphical, menu-
driven user interface. SYNGEN attempts to find efficient syntheses for a given 
target molecule. More specifically, it tries to find all of the most efficient routes. 
The search for precursors to a given target structure starts with dissection of the 
target skeleton into fragments and correlation of these fragments with skeletons 
in a catalogue of available starting materials (Figure 1.8). The key to restricting 
the number of possible routes generated is to require convergency in the forward 
direction.49 The number of possible routes generated is restricted in several ways. 
The skeleton is dissected at most twice, leading to at most four fragments, and 
the skeleton of each fragment must match that of a starting material in the cata-
logue. The dissections are ordered in such a way as to get a convergent synthesis. 
Initially, only construction reactions are considered, i.e., reactions which lead 
to the construction of a skeleton bond. Rather than using a database, the pro-
gram generates reactions from mechanistic principles. The assembly reactions are 
based on electrophile/nucleophile combinations. To minimize unnecessary detail, 
the functional groups and reactions are abstracted into synthetically significant 
families. With each construction step, functionality is generated in the precur-
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Figure 1.8: An estrone-Hke skeleton and dissections of it as found by the SYNGEN 
program. 
sor(s) which will allow an assembly reaction to occur. Since the actual precursors 
are now known, they can be looked up in the catalogue. Routes which generate 
precursors not present in the catalogue are discarded. Attempts are made to 
minimize the number of refunctionalizations, i.e., reactions which do not lead to 
the construction of a skeleton bond. 
For molecules with up to 25 atoms, the program is able to generate efficient 
synthetic schemes with largely unspecified, but not chemically unreasonable, con-
struction steps. SYNGEN is accompanied by a program (SYNOUT) that assists 
the user in examining the (often sizable) output and enables him to focus on 
promising routes. SYNOUT has a graphical user interface as well. 
1.4.4 CAMEO 
The CAMEO (Computer-Assisted Mechanistic Evaluation of Organic Reactions) 
program, developed by Jorgensen,55 is an interactive synthetic analysis program 
that performs forward reaction predictions. Given a starting material, reagents 
and conditions, its goal is to predict all possible products. This is achieved by 
perceiving reactive sites, applying mechanistic principles to alter the molecule in 
a pro-synthetic sense, and finally screening out impossible or unlikely products. 
Three-dimensional analysis has recently been added58 to allow stereoselectivity 
assessment. The program is used as follows: the user draws in the starting mate-
20 Chapter 1 
rial(s) (reactants), then chooses a class of reactions and the reaction conditions, 
and finally instructs CAMEO to start processing. CAMEO then generates prod­
ucts within the constraints of the search. 
The program has three valuable aspects: (1) the chemist can be warned 
for unanticipated side reactions, (2) the application of mechanistic principles can 
assist in solving mechanistic problems, and (3) new reactions which are mechanis­
tically valid can be "discovered". The judgment of the program in applying mech­
anistic principles is derived from large amounts of empirical knowledge, catego­
rized in various classes. The classes of reactions (mechanistic modules) presently 
Basic/Nucleophilic 
Addition/SN2 
T = 0 - 5 0 C 
Structure 1 -> 4 ; 2 more products 
о о 
Major 
Product 
ΔΗησι(1->4) =-139.1 Kcal 
Figure 1.9: A conjugate addition-alkylation sequence as generated by CAMEO. 
handled by CAMEO are: basic/nucleophilic,6,57"^2 acidic/electrophilic,63,64 peri-
cyclic,65,66 oxidative/reductive67 including Birch reduction,68 radical,69,70 and car-
benoid reactions.71 The module for heterocycle synthesis64 is actually a "mix" of 
several others. Figure 1.9 shows an application of the basic/nucleophilic module. 
1.4.5 RAIN 
The RAIN (Reactions And Intermediates Networks) program72-75 can generate 
reactions and build networks (reaction schemes) from those reactions and the 
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corresponding structures. The reactions can be considered in both the synthetic 
direction and the retrosynthetic direction. An interesting application is the search 
for a connection (reaction path) between a reactant and a product. Such a 
connection is a possible mechanism for the reaction going from the reactant to 
the product. Structures (intermediates) are generated from both the reactant 
and the product, thus creating two growing networks. When a structure in the 
reactant network is identical to a structure in the product network, a reaction 
path has been found. In this way the connection search can serve to elucidate 
the reaction mechanism. In an analysis of the mechanism of the Streith-Defoin 
reaction,76,77 RAIN found several short reaction paths, one of which is shown in 
Figure 1.10. 
S 
l 
Figure 1.10: Plausible mechanism of the Streith-Defoin reaction as found by 
RAIN. 
Reactions are generated on basis of formal principles according to Ugi's math­
ematical model of constitutional chemistry.32 The user has a large influence on 
the type of reactions that may be generated. For example, s/he can indicate 
which valences and hybridizations an element can assume, and how many atoms 
and bonds can be involved in a reaction step. This large freedom also means that 
RAIN can be used in the study of very different problems, such as mechanistic 
studies, reaction prediction, and the design of synthesis routes. On the other 
hand, the judicious choice of constraints is vital to get useful results from the 
program. 
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1.5 Computer-Assisted Synthesis Design 
Synthesis design has often been compared to chess playing (Figure l.ll).78 There 
are indeed several similarities. With both, an unconstrained look-ahead of several 
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Figure 1.11: Comparison between synthesis design and the game of chess. 
steps, taking into account all possibilities at each step, can only be done with 
problems that are close to a solution. Problems requiring many steps should be 
tackled with the help of strategic thinking, thus reducing the size of the search 
space by orders of magnitude. A striking parallel is formed by the combinations: 
i.e., a series of logically coherent steps, executed one after the other, together 
constituting considerable progress towards the goal. With synthesis design these 
series are called tactical combinations.79 Another parallel is formed by "sacri-
ficing" tactics: where in chess material can be sacrificed, in synthesis design 
complexity can be temporarily increased. A clear example in retrosynthetic anal-
ysis is the use of reconnective transforms (ref. 79, chapter 5.7), corresponding to 
fragmentation reactions.80 Of course, with synthesis design there is no opponent, 
although a reaction failing in the laboratory might be seen as a countermove of 
Nature. And last but not least: both chess and synthesis design have attracted 
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the attention of artificial intelligence researchers.81,82 
In the field of information-based retrosynthetic synthesis design, the LHASA 
program48 is a typical representative. LHASA has been under development for 
over 25 years now and incorporates many of the ideas put forward by Corey in 
his approach to retrosynthetic analysis.83 It is one of the few synthesis design 
systems that have found significant use outside the laboratories where they have 
been developed. 
1.6 Outline of this Thesis 
In chapter 2 an analysis of the contents of different reaction databases and their 
overlap will be described. Such databases form the basic data sources for the 
development of knowledge bases for synthesis design programs. 
The theoretical background for computer-assisted synthesis design is formed 
by retrosynthetic analysis; an overview of the concepts involved is given in chapter 
3. An introduction to the LHASA program, the prime example of the applica-
tion of retrosynthetic analysis to computer-assisted synthesis design, constitutes 
chapter 4. Chapters 3 and 4 serve as a reference to the final two chapters of this 
thesis. 
Chapter 5 presents the programming environment for knowledge base devel-
opment in the LHASA system and extensions and enhancements made to it, to 
arrive at a protocol for adding new chemistry to the LHASA knowledge base. 
Elaborating on these developments, chapter 6 discusses the implementation of 
a strategy based on the Quinone Diels-Alder reaction, a powerful variation of 
perhaps the most important reaction in synthetic organic chemistry. 
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Chapter ¿ι 
Automated Overlap Analysis of Reaction 
Databases 
This chapter describes the development of a fully automated procedure to assess 
the overlap between two reaction databases." 
2.1 Introduction 
The number of new syntheses and synthetic methods published on a yearly basis 
is far too large for the average chemist to deal with by memory alone. Therefore, 
a more systematic access to the primary literature is required to find effectively 
literature solutions to synthetic problems. An obvious method offering this sys-
temization is the collection of reaction information into a database. Currently, 
such computerized collections of reaction data can be obtained from several com­
mercial suppliers. Some of these databases are built to offer a complete literature 
coverage within certain boundary conditions; others try to compile careful selec­
tions of useful reactions with no claim of completeness whatsoever. The main 
representatives of the former type are CASREACT1 and Beilstein2; the most 
prominent database systems of the latter type are ORAC,3 REACCS,4 SYNLIB,5 
and IRDAS.6 The comprehensive databases can usually only be accessed through 
external hosts (e.g., STN7), while the selective databases are usually purchased 
or licensed for in-house use. The strength of these latter systems is that they 
provide a quick overview of the key literature methods employed in cases similar 
to the user's synthetic problem. The selectiveness of the databases is an abso­
lute condition to fulfill this aim, since a complete database will often hide the 
"This chapter is a revised version of a publication: Jan-Willem Boiten, Martin A. Ott, Jan 
H. Noordik, Automated Overlap Analysis of Reaction Databases. J. Chem. Inf. Comput Sci. 
34:115-120, 1995. 
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interesting methods in an avalanche of rather obscure or repetitive answers. 
The in-house database systems are currently accessible in almost every syn-
thetic laboratory. This widespread implementation prompted independent ven-
dors to compile their own databases and supply them in the most common for-
mats.8 An expected effect of this trend is a steady increase in overlap within the 
total in-house database. This is an alarming development since frequently occur-
ring duplicate references would highly decrease the effectiveness of the system. 
Therefore, the database overlap is an important consideration when deciding on 
a database purchase. For the research described in the following chapters of 
this thesis, database overlap is relevant because reaction databases constitute a 
primary information source for knowledge base development for synthesis design 
programs. Unfortunately, no objective measurements are available to determine 
database overlap in a convenient way. Only tiresome manual analyses have been 
performed9,10 for overlap determination, and in a situation where many different 
databases are supported, a strong need is felt for an automated procedure. Be-
low, a procedure is presented which has been developed to determine the number 
of shared references between two or more databases without any manual inter-
vention. This number of shared references is related to the number of shared 
reaction entries through a series of sample analyses. From this relation, a rule 
of thumb has been derived which can be used to interpret future comparisons 
performed with this automated procedure. 
2.2 General Approach 
In order to compare two reaction databases, one has to compare individual reac-
tion entries. This requires a method for establishing the equality or similarity of 
reaction entries in different databases. Preferably, chemical structures are used 
as the criterion for deciding on equality of database entries; however, chemi-
cal structures are less suitable for an automatic comparison for various reasons. 
The representation of a chemical reaction is in no way standardized; in particu-
lar, there is no unanimity about what distinguishes a reactant from a reagent.11 
Moreover, stereochemical features may or may not have been included. Finally, 
it would be a major programming task to circumvent the 108 comparisons needed 
to compare two 10,000-reaction databases, and many databases are larger. As 
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a consequence, it was decided to use the bibliographic reference as the primary 
datafield for reaction comparisons. Naturally, two reaction entries containing the 
same literature reference are not necessarily identical. In fact, several possible 
situations can be distinguished: 
1. The reactions are exactly the same. 
2. The reactions are the same but performed on different substrates, i.e. the 
reactions have identical reaction centers. 
3. The reactions are not the same but very similar (e.g., Grignard reactions 
on a ketone vs. on an ester). 
4. The reactions are different (often different steps in a synthetic sequence). 
Since most user queries are in fact reaction center searches, cases 1) and 2) will be 
treated as identical reactions, and cases 3) and 4) as different reactions. In order 
to have a good impression of which part of the bibliographic overlap also involves 
identical reactions, it was decided to check the relation between bibliographic 
overlap and reaction overlap in two ways: a) examining a number of answer sets of 
randomly chosen reaction queries with respect to overlap in literature references, 
and b) examining a set of randomly chosen bibliographic duplicates with respect 
to the identicalness of their reactions. It was hoped that the sought relation is 
proportional in nature, and that the two checks would arrive at approximately 
the same multiplication factor. 
2.3 Reference Analysis 
Both ORAC and SYNLIB contain functionalities to write the references of data-
base entries to a file. To be able to compare bibliographic references directly and 
automatically, they have to be brought into a standard format. The references 
written by ORAC do not contain standard names for the journal, nor is there a 
standard order of numerical items (volume, issue, page, and year). Therefore, a 
program was written to reorder the numerical items in an ORAC reference to year 
followed by page (the other items are ambiguous and largely superfluous). An-
other program was written to convert all journal synonym names to the standard 
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name (the so-called display name) according to ORAC's thesaurus definitions 
(e.g., in the journal thesaurus JACS, Am. Chem. Soc., and J. Amer. Chem. 
Soc. are all synonyms of J. Am. Chem. Soc). As with the volume and issue 
numbers, the author names were discarded. SYNLIB's reference utility writes 
the references as journal code, page, and year. It was a trivial matter to convert 
these into the same format as used with ORAC. The journal codes were simply 
treated as synonyms of the corresponding journals, and the same program was 
used to convert these to the standard journal names. 
Some loss of data occurred during export of the references by the program 
and their reformatting, because references were sometimes incomplete (missing 
journal name, page number, or year). For each database, the number of references 
thus obtained was counted, and the duplicate references were removed. Count-
ing the resulting sets of references gave a measure of the "internal" duplication 
within the various databases. The following procedure was used to determine the 
duplication between two databases or answer sets (vide infra): the references of 
both databases were standardized and sorted, and a special program counted the 
number of references in the "target" database that also occurred in the "com-
parison" database. This may seem a peculiar choice, since a paper from which 
five reactions have been abstracted in the target database and only one in the 
comparison database is still counted as five duplicates. However, one has to keep 
in mind that the main question to be answered by these database comparisons is 
"If we did not have this database, would we have found this reference also through 
another database?". This question can be answered positively for each of those 
five internal duplicates if there exists one external duplicate. So, the procedure 
accurately meets the actual goal. 
2.4 Databases 
All reaction databases available at the CAOS/CAMM Center were submitted 
to the automated evaluation procedure. As a bonus, this massive comparison 
yielded the reference overlap between most in-house databases currently avail-
able. Table 2.1 provides an overview of all databases subjected to the overlap 
analysis. The analyses not only incorporated all databases commercially available 
for ORAC, but also two databases (CLF and OrgSyn) translated from REACCS 
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Database 
Boxl-12 
ACF1-2 
Theilheimer 
MOS 
CHC 
HetS-ЬохЛ 
CSM 
PG 
CLF 1 2 
Orgsyn 
ChemSynth 
SYNLIB 
Size 
60,000 
10,000 
41,783 
3,303 
42,375 
5,000 
9,587 
16,500 
35,064 
4,763 
69,703 
81,121 
Source 
ORAC Ltd & MDL 
ORAC Ltd 
ORAC Ltd 
Synopsys 
MDL 
ORAC Ltd 
FIZ Chemie 
Synopsys 
MDL 
MDL 
InfoChem 
Distr. Chem. Graph. 
Database scope 
General, mainly 1980-1992 
General 
General, before 1980 
General, 1993 
Heterocyclic chemistry 
Heterocyclic chemistry 
General, 1992-1993 
Protective group chemistry 
General, 1980-1991 
Checked experimental methods 
General, 1975-1988 
General, 1890-1992 
ТаЫе 2.1: Reaction databases involved in the present study. 
using a translation program12 recently developed at the CAOS/CAMM Center, 
and the SYNLIB core database. Of course, until now only the reference overlap is 
considered; the next step is to relate reference overlap to actual reaction overlap. 
2.5 Inspection of Selected Answer Sets 
The first method used to assess the connection between structural and reference 
duplication was the inspection of a number of answer sets. In total, fifteen re­
action queries have been issued to create the necessary answer sets. Since these 
queries involve reaction centers, the reactions in the answer sets are identical ac­
cording to the definition given earlier. The average reference duplication within 
a set will give an indication which fraction of the reference duplicates over the 
whole database are also reaction center duplicates. 
To minimize the influence of personal preferences, ten of the queries were se­
lected semi-randomly from March's Advanced Organic Chemistry.13 The selection 
process was not entirely random; an attempt to maximize variation in reaction 
types was made by proceeding through the book. The ten reactions thus selected 
are depicted with their ORAC queries in Figure 2.1. Another three reaction 
queries were added to the query set to guarantee a sufficient representation of 
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0-89 Allyllc Coupling with a Halieto Substrate 
C.H 
C,H. 
C,H' 
CI.Br.l 
CI.Br.l 
C,H 
FÖN 
C.H.. 
C.H' 
C,H 
C,H 
1-31 Hydroxylation of a Benzene Ring 
H OH 
i# l# 
AND 
SUBSTR SUBSTR 
2-17 The Stork Enamlne Reaction 
4N FON 
A, 
AND NOT A, 
Α ι = H, C, N, O, S, Ρ 
SUBSTR (reactant) 
* = Not reaction center 
# = Reaction center 
A i = CI, Br, I, О 
$ = Non aryl 
4-23 Replacement of the Diazonlum Group by Hydrogen 
NH2 Η 
1# l# 
AND * r V ~ v i * * = Not reaction center 
# = Reaction center 
SUBSTR SUBSTR 
Figure 2.1: The tea ORAC queries for reactions selected from March's book; 
RXN = reaction substructure search, SUBSTR = (single structure) substructure 
search, and AND = logical and. 
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C,H 
5-23 Hydroformylation of an Alke ne 
О 
C V / C - H п и н 
с,н с,н
 с н с н 
5-27 Dlhalo-additìon to Acetylene 
_ RXN / C , ' B r · ' 
СІ.Вг.Г 
6-14 Addition of Amines to Ketones 
Ο Ν ' 
II "*** , [|# #= Non ring bond 
6-63 The Formation of Epoxides from Aldehydesand Ketones 
°\ # О 
V f je # = Bond changed from double 
c H ' » j r ^ H $ _ Bond created in reaction 
H 
SUBSTR (product) 
8-37 The СІаІавп Rearrangement 
o - ^ ^ fíXN 
->-
9-8 Oxidative Cleavage of Ketones 
ρ о 
С,н °^ i l Η0^ -°·Η 
СНГ > ^ ' — с.н^^он Y 
H н о 
Figure 2.1 (continued). 
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Het 1 1,3-Dipolar Cycloaddition to Form laoxazoles 
$ 
# t> $ = Bond created in reaction -Q # = Bond changed from triple 
SUBSTR (product) 
Het 2 Intramolecular Plctet-Spengler Reaction 
$ \ H M R W t $ ^ > N $ = Aryl 
Λ I І ^ ^ - л i i Г* L I Г* C,H C,H C,H C,H 
Prot Ketone or Dlol Protection with Cyclic Ketal 
# = Ring bond 
но о Ьн fWJ / \ 
II ^ O v # # , 0 # = Fung bond 
Figure 2.2: Three preselected queries dedicated to heterocyclic and protective 
group chemistry. 
entries from the three specialized databases (CHC, HETS_BOX_l, and PG) in 
the answer sets. Figure 2.2 shows these three queries. The final two queries orig­
inate from the paper by Borkent et al.9; re-issuing these queries also allowed the 
assessment of the increase in database overlap over the years. The original paper 
studied three queries: (1) the cyclopropanation of alkenes; (2) the reduction of 
ketones to secondary alcohols in the presence of esters; and (3) the alkylation 
of secondary carbons next to a carbonyl group. The third query is very hard 
to define unambiguously, as many reactions give the same reaction modification 
statistics as the requested alkylation. Hence, it was decided to drop this query. 
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The remaining two queries were the only ones which were also performed in 
SYNLIB in order to enable a full comparison with the earlier study. Both the 
ORAC and the SYNLIB queries of the original paper could not be re-used. The 
SYNLIB queries missed many of the correct answers,14 while the ORAC queries 
used keywords which are not implemented in all of the test databases. The new 
queries were the following: 
Query 1. The cyclopropanation of an alkene was defined in ORAC as a product 
substructure search only, which is shown in Figure 2.3 with the bond spec­
ifiers used. The figure also shows the SYNLIB (product side) substructure, 
which had to be further specified with constraints: the two bonds created 
during the reaction have been specified as strategic, and the olefin has been 
tagged as a required functional group in the reactant. This query avoids 
missing any correct answers, but required a careful manual inspection to 
remove all inaccurate answers. The query was restricted to cyclopropana­
tion of olefins with at least one α-carbon on the olefin and two hydrogens 
on the added carbon atom to stay in line with the original query. 
ORAC: SYMJB: 
V H V H 
$ = Bond created in reaction $ = Bond created in reaction 
# = Bond changed from double 
Figure 2.3: The ORAC ала SYNLIB substructures used in the query for cych-
propanations of alkenes. 
Query 2. Figure 2.4 shows the double substructure search to find reductions of a 
ketone in the presence of an ester in ORAC. The SYNLIB query was entirely 
constraints-based. The functional groups participating in the reaction have 
been assigned as required: an ester and ketone in the reactant and an ester 
and alcohol in the product. Furthermore, reductive conditions have been 
specified to exclude most condensation reactions. Still, a manual inspection 
was required to exclude many inaccurate answers. 
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4 5 4 5 
О О RYKI H О — ^ О 
1 3 7 1 3 7 
Figure 2.4: The ORAC query for the reduction of ketones in the presence of an 
ester. 
2.6 Inspection of Randomly Selected Reference Dupli­
cates 
The references shared by two or more databases ("external duplicates") were 
identified by a simple procedure using the files with unique (i.e., without internal 
duplicates) and uniformly formatted references, as obtained from the reference 
analysis. These files were concatenated and sorted, after which the reference 
duplicates could be found on subsequent lines in the sorted file. The entire ORAC 
database was submitted to this procedure, and sample duplicates were taken 
from the output file at regular intervals, resulting in 100 external duplicates to 
be processed manually. These external duplicates were supplemented with their 
internal duplicates, resulting in 100 sets with two to eleven entries. From each 
of the sets of duplicates one datacard was randomly selected. The reactions in 
these "key" entries were compared with all other entries in the same set, with the 
exception of the internal duplicates of the key entry. Each comparison yielded 
a qualification according to the categories outlined before: "identical reaction", 
"identical reaction center", "similar reaction center", and "different" reaction. If 
more than one comparison had to be performed for a set of duplicates, then only 
the "most identical" qualification was assigned to that set of duplicates. 
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2.7 Results and Discussion 
All databases were submitted to the reference standardization process, which 
gave the following statistics for the ORAC databases: 
Total number of datacards: 301,989 
Number of references written out: 301,212 
Correctly formatted references: 300,505 
Idem, no internal duplicates: 153,078 
Idem, no external duplicates: 121,326 
Note that some references were not written out by the reference utility, due to 
either a missing journal or an empty author field. Most of the references rejected 
in the standardization stage were references without a page number (549 data-
cards) or long references incompletely written out by ORAC (118 datacards). 
The remaining discarded references had miscellaneous problems, which were all 
very rare. Many rejections were found during the standardization of SYNLIB 
references, caused by incomplete output of the program's reference utility, which 
assumes that each reference is formatted according to strict rules with respect to 
punctuation. In practice, many references disobey these rules, and as a conse-
quence 2236 references (out of 81,121) had to be discarded. 
After standardization of the references of most currently available in-house 
databases, it was an easy job to perform a full comparison of these data collec-
tions. The results have been condensed into a full cross-table (Table 2.2). Each 
entry in this table shows the percentage of references shared between two data-
bases. For example, the references of 19 % of the entries in the CSM database can 
also be found in the MOS database. More interesting than these individual over-
laps is the reference overlap of each database with all other databases together, 
which is summarized in Table 2.3. The figures in this table indicate the extent to 
which each database is redundant with the others with respect to the literature 
references. For example, if the ACF database were not available, 60.5 % of the 
ACF references could still be found elsewhere. Of course, the actual overlap in 
reactions will be considerably smaller, as will be shown by the sample analyses. 
The analyses of the sample queries have been collected in Table 2.4. The av-
erage percentage of reference duplicates in the answer sets for the ORAC queries 
derived from the data in this table is found to be 18 %. Table 2.3 showed that the 
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ACF 
Boxes 
CHC 
ChemS 
CLF 
CSM 
Hete 
MOS 
Orgsyn 
PG 
Theil 
Synlib 
ACF 
— 
0.50 
0.08 
5.0 
9.9 
0.05 
0.24 
0 
0 
6.4 
0.05 
7.3 
Boxea 
3.2 
— 
9.6 
26.4 
42.6 
2.6 
3.3 
0 
11.2 
32.9 
10.6 
36.3 
CHC 
0.33 
6.5 
— 
6.9 
0.62 
0 
32.3 
0 
1.4 
2.5 
9.8 
5.6 
ChemS 
20.9 
21.1 
11.3 
— 
24.0 
0 
15.5 
0 
0 
10.4 
2.4 
18.8 
CLF 
23.4 
15.0 
0.39 
10.8 
— 
0.93 
2.7 
0 
0 
10.3 
0.26 
14.5 
CSM 
0.03 
0.43 
0 
0 
0.25 
— 
0 
40.1 
0 
2.7 
0 
0.61 
Het· 
0.20 
0.25 
3.9 
1.3 
0.47 
0 
— 
0 
0 
0.24 
1.4 
0.68 
MOS 
0 
0 
0 
0 
0 
19.0 
0 
— 
0 
0.80 
0 
0.03 
Orgsyn 
0 
0.51 
0.08 
0 
0 
0 
0 
0 
— 
0.21 
0 
1.5 
PO 
4.0 
3.6 
0.98 
1.2 
3.4 
1.6 
0.66 
1.2 
1.0 
— 
1.8 
3.2 
Theil 
0.13 
8.1 
12.3 
2.4 
0.69 
0 
14.4 
0 
0 
11.2 
— 
14.2 
Sjnlib 
38.9 
38.4 
12.7 
26.6 
40.6 
4.7 
11.9 
0.31 
41.9 
29.7 
23.0 
— 
Table 2.2: Results of the comparison of the databases of Table 2.1. The numbers 
are the percentages of data entries in each database sharing their references with 
entries from any other database(s). 
Box 
ACF 
Boxes 
CHC 
ChemSynth 
CLF 
CSM 
Hets 
MOS 
Orgsyn 
PG 
Theilheimer 
Synlib 
Total 
Number of cards having external duplicates 
All databases 
6,052 
38,193 
15,518 
35,618 
25,280 
3,414 
2,886 
1,610 
2,234 
9,701 
15,220 
53,186 
208,912 
(60.5 %) 
(63.7 %) 
(36.6 %) 
(51.6 %) 
(72.9 %) 
(26.8 %) 
(57.8 %) 
(41.8 %) 
(48.6 %) 
(59.2 %) 
(36.4 %) 
(67.4 %) 
(55.1 %) 
Excluding SYNLIB 
4,320 
28,120 
13,583 
29,874 
21,745 
2,927 
2,660 
1,605 
619 
8,864 
9,419 
123,736 
(43.2 %) 
(46.9 %) 
(32.1 %) 
(43.3 %) 
(62.7 %) 
(23.0 %) 
(53.2 %) 
(41.7 %) 
(13.5 %) 
(54.1 %) 
(22.5 %) 
(41.2 %) 
Table 2.3: The total number and percentage of data entries in each database 
sharing their references with entries from any other database(s). 
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Answer set 
March 0-89 
March 1-31 
March 2-17 
March 4-23 
March 5-23 
March 5-27 
March 6-14 
March 6-63 
March 8-37 
March 9-8 
Total 
Number of 
answers 
62 
115 
123 
71 
68 
46 
165 
93 
121 
21 
885 
Number of 
duplicates 
15 (24%) 
14 (12%) 
19 (19%) 
6 (8 %) 
12 (8 %) 
10 (22%) 
25 (15%) 
10 (11%) 
21 (17 %) 
7 (33%) 
139 (16 %) 
Answer set 
Het. 1 
Het. 2 
Prot. 
Total 
Query 1 
Query 2 
Total 
Number of 
answers 
114 
150 
381 
645 
225 
399 
624 
Number of 
duplicates 
24 (21 %) 
15 (10 %) 
91 (24 %) 
130 (20 %) 
43 (19 %) 
71 (18 %) 
114 (18%) 
Grand total: 18 % duplicates 
Tabie 2.4: Summary of the answer sets which resulted from the sample reaction 
queries and which were analyzed manually w.r.t. reference duplication. 
average chance of finding the same reference in another database is 41.2 % over 
all ORAC databases. Since the average chance of finding the same reference in 
another database when the reaction is the same is 18 %, it can be concluded that 
the chance of a duplicate reference having the same reaction is (18/41.2) χ 100%. 
Hence approximately 44 % of the duplication in references represents real dupli­
cate reactions (or actually reaction centers). This multiplication factor can be 
used to weigh future results of the automated reference analysis, but one should 
be aware of several uncertainties in its value. The value is obtained through the 
analysis of the answers to selected queries from which the representativity can 
always be disputed. However, the relatively moderate scatter in the individual 
duplication percentages of Table 2.4 is an indication that the connection between 
structural and bibliographic duplication is not heavily dependent on the reac­
tion type. Nevertheless, a significant preference for some reaction types among 
the database compilers (which would result in more duplication) cannot be ruled 
out. This holds especially for some reactions strongly represented in the ORAC 
databases which have not been included in the sample queries (e.g., Diels-Alder, 
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Aldol, etc.), as they would fully dominate the result. A second concern involves 
the potential differences between the databases. The real relationship between 
reference and reaction duplication will vary at least slightly among the data-
bases. No attempt was made to assess the influence of this factor, but there is 
no reason to expect major fluctuations. In view of these uncertainties in the de-
rived multiplication factor (0.44), it is preferred to present it as a rule of thumb: 
Approximately half of the bibliographical duplicates are also reaction duplicates. 
A verification of this rule of thumb could be obtained from the manual anal-
ysis of the 100 sample sets of external reference duplicates. This analysis gave 
the following statistics: 
Sample reaction fully identical to one of its duplicates: 25 sets 
Sample reaction center identical to that of one of its duplicates: 31 (+8) sets 
Sample reaction center similar to that of one of its duplicates: 16 sets 
Sample reaction different from all of its duplicates: 20 sets 
A problem was encountered with the classification of eight cases which were in fact 
reaction center duplicates, but one of the datacards contained more reaction steps 
than the other, resulting in major differences in either the product or the reactant. 
Therefore, these eight cases had to be classified as different when comparing them 
with the results of the sample queries. Therefore, it was concluded that 56 % of 
the reference duplicates are real reaction (center) duplicates. This figure confirms 
the value of 44 % found from the sample queries analysis sufficiently to increase 
the confidence in the derived rule of thumb. 
The comparison with the Borkent et al. overlap study9 was limited to the 
(then) "current literature" files of ORAC, REACCS, and SYNLIB; so, the same 
was done with the rerun of this work to allow direct comparison. It was decided 
not to include the newer current literature files MOS and CSM in the comparison, 
since these are more or less independent databases not directly belonging to any 
of the database systems. As a consequence, Boxes and ACF were used as the 
current literature for ORAC, CLF for REACCS (in its ORAC translation), and 
the entire SYNLIB database for SYNLIB. Both the results of the present study 
and those of the 1988 paper have been summarized in the Venn diagrams shown in 
Figure 2.5. A better insight is obtained from a graphical depiction of these results, 
as can be seen in Figure 2.6. The general trend is obviously towards increasing 
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1988 
Query 1 
1994 
Query 1 
Query 2 
Query 2 
Figure 2.5: Number of references (without internal duplication) and their external 
overlap for the two reaction queries that were repeated from the 1988 stud)?. 
44 Chapter 2 
Query 1 : Cyclopropanation of an olefin 
60 
50 
40 
30 
20 
10 
0 
I 
'88 '94 
SYNLIB 
•88 '94 
ORAC 
'88 '94 
REACCS 
Query 2: Reduction of a ketone in the presence of an ester 
5 0 -
4 0 -
3 0 -
2 0 -
1 0 -
'88 '94 
SYNLIB 
J 
'88 94 
ORAC 
'88 '94 
REACCS 
Figure 2.6: The database overlap (in bibliographic data) in current literature 
databases compared with the 1988 study9, as illustrated by two queries. The bars 
show the percentages of the references which also show up in another database. 
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overlap; on average the six queries had 22 % shared references in 1988 compared 
to 35 % in the present study. Remarkably, one query showed a decreasing overlap 
with ORAC, apparently caused by the large increase in reactions of that type in 
the ORAC current literature files. 
2.8 Conclusions 
This study shows that reference analyses can be used to assess database overlap. 
The reference overlap can be related to the reaction overlap through a rule of 
thumb that half of the overlapping references are overlapping reactions. The 
applicability of this approach to the ORAC and SYNLIB databases was shown. 
Implementation of this analysis for other in-house reaction database programs is 
straightforward, provided that the database program is able to write references 
in an external (ASCII) format. 
The overlap found with the queries that were repeated is still not outrageous 
(maximum 50 %), given that only half of the bibliographic overlap concerns reac-
tion duplicates according to the rule of thumb. Nevertheless, the trend towards 
increasing database overlap supports the concern for excessive database over-
lap, which demands for database comparison utilities such as presented in this 
chapter. 
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Chapter ô 
Introduction to Retrosynthetic Analysis 
This chapter describes the theoretical background for the transform development 
protocol and the Quinone Diels-Alder transform which constitute the final two 
chapters of this thesis. 
3.1 Analysis of Complex Synthetic Problems 
The total synthesis of structurally complex compounds is a challenging under-
taking, in intellectual as well as practical respects. Whereas simple compounds 
can usually be made by synthesis routes comprising a few reaction steps (say 
two to five), complicated molecules may require a lengthy sequence of reactions, 
not seldom more than twenty. Most such multi-step syntheses are executed, or at 
least attempted, according to a plan designed beforehand on paper or blackboard. 
How do chemists arrive at such synthetic plans? Traditionally, synthesis design 
was based upon associative thinking processes, the most important of which were: 
• Association with existing syntheses of similar compounds 
• Association with known starting material(s) 
• Association with a hypothetical advanced intermediate 
The last of these represents an attempt to reduce the complexity of the de-
sign problem, but the selection of a suitable intermediary structure is still a 
highly intuitive process. The associative approach to synthesis design becomes 
less opportune as the complexity of the problem, and hence the number of steps 
required, increases. The structures of Figure 3.1, made by total synthesis dur-
ing the past century, illustrate the ever-increasing complexity of the synthesis 
tasks that chemists have imposed upon themselves, each success prompting an 
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Figure 3.1: Landmark total syntheses of the past century: (1) a-Terpineol (W.H. 
Perkin, 1904)1; (2) Tropinone (R. Robinson, 1917)2; (3) Equilenin (W.E. Bach-
mann, 1939)3; (4) Chlorophyll-a (R.B. Woodward, I960)4-5; (5) Gibberellic Acid 
(E.J. Corey, 1978)6'7; (6) Ginkgolide-B (E.J. Corey, 1988)B. 
even more challenging undertaking. None of the targets of Figure 3.1 give obvious 
handholds for synthesis design by association; each of their syntheses was a "first" 
and neither starting materials nor promising intermediary structures stand out. 
A more systematic and generally applicable problem-solving technique is clearly 
called for, and is presented by retrosynthetic analysis. 
3.2 Terminology 
Retrosynthetic analysis or retrosynthesis, is a technique for solving problems in 
synthesis planning, especially those presented by complex structures. The ret-
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rosynthetic approach to synthesis planning was formulated explicitly for the first 
time by Corey.9 The purpose of retrosynthetic analysis (RA) is to transform the 
structure of a synthetic target molecule to simpler molecules. Hence, in RA reac­
tions are viewed in the retrosynthetic direction, starting with the product of the 
reaction and going backwards to the reactants. The terminology used with RA, as 
opposed to synthesis, is summarized in Table 3.1. Transforms, or retro-reactions, 
Direction 
Step 
Arrow used in 
graphical depiction 
"Starting" structure 
"Resulting" structure 
Substructure required 
for operation 
Synthetic 
Reaction 
- > 
Reactant 
Product 
Reacting 
functionality 
Retrosynthetic 
or Antithetic 
Transform 
or Retro-reaction 
- * 
Target 
Precursor 
Retron 
ТаЫе 3.1: Synthetic versus retrosynthetic analysis. 
are the imaginary counterparts of reactions. Each transform (Figure 3.2) corre­
sponds to a reaction, and vice versa, but of course it cannot be carried out in 
the laboratory; it is purely a thought process. Each reaction generates a charac­
teristic structural element in the product, such as the enone resulting from the 
(^^^ Transform ( ^ ^ ^ 1 l
 = > kJ 
^ V ^ 
,У с Target 
Retron 
Precursors 
Figure 3.2: A transform, in this case the retrosynthetic counterpart of the aldol 
condensation. 
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Aldol condensation in Figure 3.2. This substructure, called the retron,10 must 
be present in a target to be able to apply the corresponding transform to that 
target. 
Retrosynthetic analysis, then, consists of applying transforms to a given tar-
get, thereby generating all precursors from which that target can be made in a 
single step. The analysis can be repeated for each precursor, generating a sec-
Target 
s s I  \ ^ 
PI P2 P3 P4 P5 
/ / 1 \ \ S4\X\ S4\X\ 
Pl.l P1.2 PI J P1.4 P1.5 P3.1 P3.2 P3J P3.4 P3.5 PS.l P5.2 P5J PS.4 PS.5 
Figure 3.3: Retrosynthetic tree. 
ond level of precursors (Figure 3.3). It is possible that a transform generates 
a precursor actually consisting of two or more fragments, as in the case of a 
convergent step; these fragments can each be treated in the same way as single 
precursors. For clarity, Figure 3.3 does not show multiple fragments. Further 
analysis can generate deeper levels of precursors. Each precursor generated can 
then be checked for availability, thus defining an endpoint for that line of analysis. 
The final result, a complete retrosynthetic tree, will contain all possible syntheses 
of the given target, reasonable and unreasonable, efficient and cumbersome ones. 
Of course, such a tree would be unmanageably large both for man and computer, 
even when the number of precursor levels is limited. The "combinatorial explo-
sion" , as this phenomenon is called, effectively prohibits the use of retrosynthetic 
analysis in such an unconstrained way. To keep the size of the retrosynthetic 
tree under control, a selection of transforms to be considered must be made. The 
guiding principles for this selection are called strategies. 
Introduction to Retrosynthetic Analysis 51 
3.3 Retrosynthetic Strategies 
Retrosynthetic analysis will only lead to useful results if it is directed towards 
some goal. The basic goal is to generate precursors that correspond to available 
starting materials. However, this goal can be used as a guiding principle only 
when possible starting materials can be identified from the target structure. In 
general, obvious starting points cannot be found when it comes to complex target 
structures (and that is where RA is most useful). The basic goal, then, becomes 
the generation of precursors that are easier to synthesize than the original target; 
such precursors are likely to be closer to available compounds than the original 
target. Stated differently, retrosynthetic analysis is directed towards molecular 
simplification. Corey has formulated five main types of strategies that lead to 
the desired simplification.8,11,12 These will be treated briefly, each illustrated by 
a sample analysis: 
Functional-group based strategies: functional groups in the target structure may 
direct the transform search in several ways: 
• Removal of reactive and masked functionality 
• Disconnection based on the location of functional groups 
• Reconnection of functional groups to form rings retrosynthetically 
The reconnective strategy13 is constrained by strategic rules. Clearly, it is 
not practical to attempt every possible reconnection. 
Topological strategies: the disconnection of specific, so-called "strategic" bonds 
can lead to major molecular simplification. There are several types of strate-
gic bonds: 
• Bonds in (poly)cyclic ring systems 
• Bonds in (poly)fused ring systems 
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• Pairs of bonds in ring systems 
(disconnection by intramolecular cycloaddition transforms) 
• Bonds connecting chains to rings 
• Bonds connecting chains to other chains 
• Bonds connecting chains to functional groups 
Heuristics (empirical rules) have been devised to select these types of bonds 
from any target structure. It is also possible to identify rings which should 
be disassembled early in the retrosynthetic process, or rings which should 
be kept intact during these stages. 
Transform-based strategies: a very useful guidance for retrosynthetic analysis 
can be provided by the application of a powerfully simplifying transform 
- corresponding to a reaction effecting a considerable increase in complex-
ity. Very often such an application is suggested by the presence of (func-
tionalized) rings of specific sizes in the target molecule. Some powerfully 
simplifying transforms are14: 
• Diels-Alder 
• Hetero Diels-Alder 
• Robinson annulation 
• Birch reduction 
• Internal ene reaction 
• Halolactonization 
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Me Me О ^
 0 О 
( ^ γ \ Reduction ( ^ \ \ Addition
 ( ^ L A Robinson ¿^ Μβ-γ-^ 
Structure-goal strategies: the analysis can also be directed towards a particular 
(sub)structure. Such a (sub)structure can be a: 
• Starting material 
• Chiral building block 
• Retron-containing structure 
An analysis directed towards such a structure-goal does not need to be 
purely retrosynthetic. It can even be synthetic, but probably the most 
efficient search would be a bidirectional one. 
Stereochemical strategies: here the focus is on removal of stereocenters under 
stereocontrol. Stereocontrol can be achieved through either mechanistic 
control or substrate control. Reconnections that move stereocenters from 
chains (where they are difficult to introduce) into rings (where introduction 
is usually much easier) can also be considered stereochemically strategic. 
os-Hydroxylation f ^ * \ — / Wittig Г""\_0 
"он™ = > ^ Y =* L Y " 
t-Bu t-Bu t-Bu 
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3.4 Goals and Subgoals 
Although the general goal for RA is structural simplification, this does not mean 
that each step in a retrosynthesis must be, or even can be, simplifying. Cer­
tainly, if most steps are simplifying, the resulting synthesis is likely to be very 
efficient. Many actual syntheses, however, contain fewer construction steps than 
functional group manipulations which are generally non-simplifying.15 Because 
RA is a goal-driven activity, synthesis routes produced by RA tend to be quite 
efficient. Transforms which effect a desired simplification are called goal trans­
forms. It is not always possible to apply a goal transform directly; a prerequisite 
is the presence of its retron in the target molecule. The range of eligible goal 
transforms can be broadened by not only considering their exact retrons, but 
also their so-called partial retrons.12 A partial retron is derived from the ex­
act or full retron12 by a structure generalization. For instance, whereas the full 
retron for the Birch reduction transform is the cyclohexenone substructure, its 
partial retron can be just a six-membered carbocycle. Of course, when the target 
contains only the partial retron, additional operations are required to establish 
the full retron. The sequences of Figure 3.4 provide an illustration. In the first 
sequence, the olefin must be introduced before the Birch transform can take 
place; in the second, the olefin must be shifted. Clearly, in both sequences non-
simplifying, or subgoal, steps are needed to pave the way for the goal transform. 
η 
" " К > Hydrogénation r ^ T ^ 4 ^ 
4^ =*
 0XAJ 
H ° 
Wharton f i ' ' ' ' Epoxidation ι 
'OH ' ϋ^Λ о ^ 
^о 
Birch 
М О 
S^Y"* Birch 
•J =" 
wn г" >••• b i ti  < ^γ Г/^~\У' 
Figure 3.4: Two sequences in which subgoal transforms pave the way for a goaJ 
transform, in both cases the Birch reduction transform. 
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The term subgoal is used because such a step is subordinate to the application 
of a goal transform. Without a goal transform "in mind", there is really no 
good reason to apply a subgoal transform. Subgoal transforms which manipulate 
functional groups are very common: functional group addition (FGA), functional 
group removal (FGR), functional group interchange (FGI), and functional group 
transposition (FGT) are frequently employed. But in fact any transform which 
assists in "setting up" the retron for a goal transform can be thought of as a 
subgoal transform. 
There is an added bonus if the subgoal transform is itself also simplifying; the 
combined sequence will probably have a high merit. This is clearly the case with 
tactical combinations. A tactical combination is the retrosynthetic equivalent 
of a standard reaction sequence ("synthetic cliché"). The steps in a tactical 
combination follow naturally after another because each step sets up the retron 
for the next step. Tactical combinations are most powerful when they have a high 
content of simplifying steps. The best-known tactical combination is probably 
the Robinson annulation: an aldol transform followed by a Michael transform. In 
fact, it is so common that it is often treated as a single-step process. Figure 3.5 
shows another example. Tactical combinations can be used in RA as a type 
of "super transform"; often they have more elaborate retrons than "ordinary" 
transforms, which allows for their specific application. The availability of a large 
collection of tactical combinations is a big asset in synthesis design. 
^ • s L - v . Ox^ Cope | < 4 | ( 
ОН 
OH Grignard 
fv Curtius Ci Diels-Alder 
ο ν
1
* 
Figure 3.5: An example of a. powerful tactical combination. 
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3.5 Computer-Assisted Retrosynthetic Analysis 
Retrosynthetic analysis in itself is already a powerful tool for the chemist. How-
ever, the enormous amount of chemical knowledge available nowadays makes it 
difficult to use RA efficiently and thoroughly. Most of the information is rela-
tively inaccessible, especially the newer reactions and developments in scope of 
older ones. In practice, the synthetic chemist is limited by the information that 
is most readily available to her/him. Furthermore, there is a tendency to accept 
the first reasonable solution and to focus attention to that direction, whereas 
a more thorough analysis may result in a much better solution saving weeks or 
even months work in the laboratory. The required extra effort is almost always a 
worthwhile investment. The application of a computer program which can assist 
in retrosynthetic analysis is then of great value. A computer program has no bias 
and, of course, has total recall. The next chapter discusses such a computer pro-
gram in greater detail and serves as the background for the remaining chapters 
of this thesis. 
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Chapter 4 
Overview of the LHASA Program 
This chapter describes the LHASA synthesis design program from a developer's 
point of view and lays the foundation for the two remaining chapters of this 
thesis, which deal with knowledge base development for the LHASA system. 
4.1 History 
LHASA is an interactive computer program designed to assist synthetic chemists 
in planning syntheses of complex organic molecules. The name is an acronym for 
"Logic and Heuristics Applied to Synthetic Analysis", which succinctly describes 
the aims and means of the program. LHASA was started as a research project 
to implement, in a computer program, E.J. Corey's approach to retrosynthetic 
analysis, and in particular his rules for the recognition of strategic bonds.1 The 
program has been under development at Harvard University since the early 1970s 
and more recently also at Leeds University and at the CAOS/CAMM Center. 
The predecessor to LHASA was OCSS (Organic Chemical Simulation of Synthe-
sis),2 developed by Corey and W.T. Wipke in the late 1960s. OCSS was also 
the predecessor to SECS (Simulation and Evaluation of Chemical Synthesis),3-5 
developed by Wipke. The CASP (Computer Aided Synthesis Planning)8 system, 
used and developed by a consortium of Swiss and West German pharmaceutical 
companies, is an offshoot of the SECS program. 
Extensions to the LHASA system7-20 followed rapidly, allowing it to use more 
extensively and more efficiently the retrosynthetic strategies formulated earlier. 
At Harvard University, LHASA-1 (for a PDP-1 computer), LHASA-10 (for a 
PDP-10 computer), and finally in 1981 LHASA-11 (for the DEC VAX series of 
computers), commonly called LHASA, were developed. Until 1992, LHASA ran 
exclusively on VAX computers under the VMS operating system. Recently, a 
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serious effort has been made to port the program to the Unix operating system 
in its various implementations: LHASA now also runs on DECstation (under 
Ultrix), DEC Alpha (under OpenVMS), Silicon Graphics (under Irix), HP (un-
der HP/UX) machines, and IBM (under AIX) machines. Collaborating groups 
in the UK (Leeds University) and the Netherlands (CAOS/CAMM Center, Nij-
megen) have contributed and are still contributing significantly to the program 
and knowledge base. In the UK, an industrial consortium called LHASA UK has 
been set up to coordinate the use of the LHASA program and development of 
the knowledge base, especially with respect to heterocyclic chemistry. 
4.2 Operation of the LHASA System 
The present system embodies a controlling program and a knowledge base con-
taining transform descriptions.21 The user communicates with the program via 
a graphical interface which is used for drawing structures, for selecting options, 
strategies, and precursors, and for displaying structures, transforms, and the re-
sulting retrosynthetic tree. 
The LHASA program operates in a rigorously retrosynthetic fashion. The 
user draws in a target structure and then selects a strategy for the retrosynthetic 
analysis; the program is able to assist the user in making a choice of a strategy. 
LHASA then searches its knowledge base for transforms which satisfy the strategy 
selected and are applicable to the target at hand. The user can order the program 
to search deeper, i.e., to extend the search for applicable transforms by using 
subgoal transforms. Both goal and subgoal transforms are selected automatically 
by the program. The result is a retrosynthetic tree of alternative pathways, whose 
depth is dependent on the chosen strategy and the number of subgoal levels. Any 
precursor generated by the program can be processed again as the next target. Of 
course, the user may also choose to re-process the original target using a different 
strategy. 
4.3 Retrosynthetic Strategies Implemented in LHASA 
Below, an overview is given of the retrosynthetic strategies and substrategies 
which have been implemented in the LHASA program.22 This list can be com-
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pared to the strategies mentioned in the preceding chapter. 
Punctional-group-based or Short-range strategies: the presence and location of 
functional groups in the target guide the transform selection. This guidance 
can be effected in several ways: 
• Unmasking uncommon and/or complex functionality 
• Disconnective (carbon-carbon bonds only) 
• Reconnective 
• Non-disconnective 
• Unconstrained application of transforms 
The reconnective substrategy13 is limited by further strategic rules. Clearly, 
it is not worthwhile to attempt every reconnection. The last two substrate-
gies are in effect "no-strategy" strategies; they are useful only with small 
targets or targets containing few functional groups. 
Topological strategies: the transform selection is based on the bonds to be broken 
retrosynthetically. These strategies12 allow for different types of strategic 
bonds: 
• Cyclic strategic bonds - for bicyclic and bridged polycyclic targets 
• Polyfused strategic bonds - for targets containing 3 or more fused rings 
• Ring appendages - for targets containing side chains attached to rings 
• Acyclic strategic bonds - for targets containing branched chains 
• Manually designated bonds - strategic bond selection by the user 
The actual strategic bonds are, of course, heavily dependent on the topology 
of the target structure. Except in the case of manually designated bonds, 
the program uses heuristics (empirical rules) to select the strategic bonds. 
Stereochemical strategies: the transform selection is directed by the stereocenters 
that have to be removed retrosynthetically. Three stereochemical strategies 
have been implemented: 
• Enantioselective strategy 
• Diastereoselective/unmasking strategy 
• Diastereoselective/disconnective strategy 
There are no heuristic rules governing the selection of strategic stereocen-
ters, as there are with the topological strategies; these centers are designated 
by the user. 
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Transform-based or Long-range strategies: here the application of a powerfully 
simplifying transform is the goal to be attained. The following transforms 
have been implemented: 
• Diels-Alder11 
• Quinone Diels-Alder23 
• Robinson annulation19 
• Birch Reduction 
• Halolactonization20 
• Polyene cyclization24 
• Diazocarbene cyclopropanation 
• Stereoselective olefin syntheses16 
With these strategies the powerful transform is selected by the user. LHASA 
tries to "set up" the retron for this goal transform using numerous sub-
goal transforms (both simplifying and non-simplifying), and then applies 
the goal transform. The stereoselective olefin strategy16 is treated as a 
long-range strategy in the LHASA program, although it is not strictly a 
transform-based strategy - a table of transforms is used, all having an 
asymmetrically substituted olefin as the retron. 
Starting-material-based strategy: here the analysis is directed towards a partic-
ular starting material. With the starting-material-oriented search, a data-
base of possible starting materials can be searched for compounds that may 
be useful starting points for the synthesis of a given target. This strategy 
has been developed at Leeds University.25-28 
4.4 The LHASA Knowledge Base 
From the early days of the OCSS program on, it has been clear that describing 
chemical knowledge using a programming language such as Fortran is extremely 
cumbersome. Moreover, building knowledge into the program would make the 
system very inflexible; each addition or modification would require recompiling 
and relinking the program. Thus the chemical knowledge is deposited in a knowl-
edge base which is separate from the program. The program treats this knowledge 
base as data, but data of a special nature: the knowledge base contains "rules" 
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which dictate LHASA'S behavior toward a target molecule. Of course, transform 
descriptions21 are an integral part of the knowledge base; they can be thought of 
as small chemical computer programs in their own right. When LHASA reads a 
transform entry, it finds instructions (e.g., to build a precursor from the target 
structure) and acts accordingly. Transform entries are written in an English-like 
chemical language called CHMTRN (CHeMistry TRaNslator),22 which is excel-
lently suited to describing chemical information. The next chapter will treat 
CHMTRN in more detail. 
In the course of development of the LHASA program, the knowledge base 
organization has become rather complex. From time to time the increase in 
capabilities resulted in the addition of new types of transform to supplement 
existing ones. Presently, the most important transform types in the knowledge 
base are the following: 
Goal transforms: these are used to perform the goals of all strategies except the 
long-range strategies. Most goal transforms break carbon-carbon bonds, 
but there are also goal transforms which remove stereocenters and which 
remove or unmask functional groups. Depending on the way the retron is 
described, the goal transforms are divided into three categories: 
• One-group transforms - the retron is described by one functional group 
(FG), often in conjunction with a path towards a bond disconnected by the 
transform. 
• Two-group transforms - the retron is described by two FG's, usually 
connected by a path of a specific length. 
• Pattern transforms - the retron cannot be described by FG's alone; a 
general pattern is used instead. 
Figure 4.1 shows representative examples from each of these categories. 
Subgoal transforms: in LHASA, these transforms are restricted to manipulation 
of functional groups. Three types are distinguished (see Figure 4.1 for ex-
amples): 
• Functional group addition (FGA) transforms 
• Functional group interchange (FGI) transforms 
• Functional group removal (FGR) transforms 
If needed to "set up" the retron for a goal transform, FGA and FGI trans-
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FGA 
=> 
Goal 
=> Br 
COzH 
Figure 4.1: Sample goal and subgoal transforms. Goal transforms: (a) conjugate 
organometallic addition (one-group); (b) conjugate cyanide addition (two-group); 
(c) Friedel-Crañs acylation (pattern). Subgoal transforms: (d) ketone reduction 
(FGA); (e) cyano reduction to amine (FGI); (i) benzylic oxidation to acid (FGR). 
forms are applied automatically by the program. FGR transforms are used 
only in specific cases. 
Tactical combinations: these "retrosynthetic clichés" are sequences of transforms 
which are present elsewhere in the knowledge base as goal and/or subgoal 
transforms. They are treated as a fourth category of goal transform and 
are also used in all strategies except the long-range strategies. Tactical 
combinations are frequently able to produce a major simplification. Fig-
ure 4.2 shows a three-step tactical combination, which overall constitutes 
the build-up of a cyclopentenone from a ketone. The main differences with 
the other types of goal transform are: (1) tactical combinations are mul-
tistep sequences and (2) any transform (or tactical combination!) can be 
used as a subgoal for a tactical combination (see Figure 4.2), whereas only 
functional-group-manipulating subgoal transforms are available to the other 
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Figure 4.2: Sample tactical combination goal transform and non-FG-oriented 
subgoal transform. Goal steps: (a) Nazarov cyclization (pattern); (b) acylation of 
vinyl silane (two-group); (c) Sbapiro vinyl anion silylation (one-group). Subgoal 
transform: (d) deconjugative alkylation (two-group). 
goal transforms. Eventually, the second difference will cease to exist29: it 
merely reflects the present state of development of the program. 
Long-гапде transforms: these transforms are the foundation of the transform-
based strategies. A long-range transform is in fact a "super goal transform". 
The actual goal step is only a small part of it; most of the transform is con­
cerned with constructing elaborate sequences of subgoal steps to pave the 
way for the application of the goal transform. To effect the desired subgoal 
steps, a long-range transform may request LHASA to apply functional-
group-manipulating transforms, but the regular goal transforms cannot be 
used in subgoals sequences; there is no mechanism to invoke them. To 
offset this limitation, the transform contains "internal" or in-table subgoal 
transforms which may be simplifying. Often these transforms duplicate reg­
ular goal transforms. The final chapter of this thesis provides an excellent 
example of a long-range transform. 
4.5 Transform Keying 
As explained in the previous chapter, before a transform can be applied, its retron 
must be present in the target molecule. The retron is said to key the transform. 
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Hence each transform contains a retron description, whose actual form depends 
on the type of the transform. Two different ways of specifying the retron are used: 
functional groups and patterns. In one-group, two-group, FGI, and FGR trans-
forms30 the name(s) of the keying functional group(s) are specified in CHMTRN. 
In contrast, the third category of goal transform, the pattern transforms, con-
tain a so-called 1-D pattern, which is written in a dedicated pattern language 
called PATR.AN (PATtern TRANslator). Any substructure can be represented 
using 1-D patterns, which are termed 1-D because they are just character strings, 
comparable to SMILES31 notation. Atoms are denoted by their atomic symbols 
and bonds are denoted using the symbols "-", "=", "#", and "%" for single, 
double, triple, and aromatic bonds, respectively. Pangs and substitution patterns 
can also be indicated. 
A later addition to the program is formed by the 2-D patterns.29 The in-
dication 2-D originates from their more pictorial nature. 2-D patterns, inciden-
tally, also depict the precursor structure so that LHASA may know the struc-
tural changes effected by the transform before it is applied. Presently, the only 
transforms keyed exclusively by 2-D patterns are the tactical combinations.32,33 
Subgoal transforms for tactical combinations are also keyed using 2-D patterns29; 
most of the goal transforms in the knowledge base are provided with 2-D patterns 
for that purpose. 
A long-range transform is keyed using the partial retron,34 usually one or 
more carbocyclic rings of specific sizes depending on the goal transform. 
4.6 Perception and Functional Groups 
The first stage in the processing of a target structure as drawn by the user is the 
perception. The initial structural information available to LHASA is just a con-
nection table7,35 with "simple" bond orders (single, double, and triple) and with 
stereochemistry indicated by dashed and/or wedged bonds. LHASA analyzes 
this table to detect rings,10 aromaticity, tautomerism, absolute stereochemistry,36 
symmetry, and functional groups. 
Some structural features prompt LHASA to reject a target structure: obvi-
ously valency violations make a structure invalid, but also the presence of both 
defined and undefined stereocenters is not allowed. Impossible structures such 
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as a cyclopropyne or a trans-bridged small ring are not accepted either. Since 
these illegal structures are awkward to diagnose using traditional programming 
languages, a small portion of the knowledge base is devoted to their identification. 
The next step in perception is the detection of features that, while not impossi-
ble, are deemed too unstable, e.g., primary enamines, gem-dióls, and potentially 
aromatic rings (an example is cyclohexadienone which would enolize to phenol). 
Unstable features also lead to rejection of the structure because they would not 
survive any reactions. 
When a structure has passed all the tests for impossible or unstable features, 
the functional groups are scrutinized further. It is important to note that LHASA 
recognizes only 78 different functional groups. For each of these groups, a pat-
tern has been defined to describe the group; anything not matching one of the 
patterns is not recognized as a functional group. Examples of groups presently 
unrecognized by LHASA are thioketone, acylsilane, ketene, and sulfonamide. The 
78 functional groups are divided into three categories called core, masked, and 
reactive groups. Core functionality includes all common functional groups such as 
ketone, olefin, amine, and acid. Most transforms in the knowledge base are keyed 
by core groups. In contrast, masked groups are less common groups which are 
often "disguised" versions of core groups. Examples are ketals, epoxides, oximes, 
and TMS ethers. The category of reactive groups consists of functional groups 
that are likely to interfere with almost any reaction, e.g., acid halide, nitroso, and 
isocyanate. A small section of the knowledge base is devoted to removing such 
groups. When LHASA detects a reactive group in the target, these transforms 
are automatically applied before any strategy is selected. The precursor(s), now 
containing core functionality, can be re-submitted to the program. 
Since few transforms have non-core functional groups in their retrons, it is 
usually advisable to let LHASA convert masked groups into core groups. At least 
this offers a reasonable alternative target molecule. In fact, LHASA asks the user 
to apply unmasking transforms whenever masked functionality is detected. This 
policy can be thought of as a strongly suggested strategy. Unmasking transforms 
are simply goal transforms which are flagged as unmasking. Thus, even unrecog-
nized functionality can be unmasked since it is possible to write the unmasking 
transform as a pattern transform, independent of functional group perception. 
Why is recognizing functional groups so important to LHASA? Firstly, fune-
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tional groups are naturally essential in the retron descriptions of one-group, two-
group, FGI, and FGR transforms. Secondly, functional groups are used to assess 
the effects of reaction conditions on portions of the molecule that are not sup-
posed to react (vide infra). 
4.7 Transforms Ratings and Conditions 
Transforms are given ratings. A rating is a number on a scale of 0 to 100 indicating 
the general quality of a transform application. This number should not be thought 
of as the expected yield, but rather as the probability that the reaction will give 
the desired product without problems. There are actually two ratings: the initial 
rating37 pertains to the transform only (say the quality of a standard application) 
and the final rating also takes the target into account. When a transform is 
applied, it instructs LHASA to look for favorable/adverse features in the target 
and increment/decrement the rating accordingly. Both the initial rating and the 
final rating are shown to the user, as well as the reaction conditions. 
The transforms in the knowledge base specify the conditions or reagents that 
are used in the reaction, or even alternatives to choose from. LHASA works 
with a set of 138 so-called prototype conditions.15 For each of the 78 functional 
groups, several of which are categorized into subtypes, LHASA knows38 the reac-
tivity level with respect to each of the prototype conditions. When a transform is 
applied, LHASA categorizes the functional groups in the precursor as participat-
ing in the reaction or not participating. The program then checks to see whether 
any non-participating group(s) would be at least as reactive as the participating 
one(s) under the conditions used. If a transform has provided alternative condi-
tions, the best ones are chosen in order to minimize functional group interference. 
Many functional groups can be protected,38 of course; for some (ketone, alcohol) 
protection methods are abundant, while for others (olefin, nitro) protection is less 
obvious or even impossible. If a non-participating group is too reactive, it will 
be indicated as protected or as interfering depending upon whether LHASA con-
siders it easily protectable or not. The rating is also decremented, less severely 
so if protection is thought to be possible. 
Often only the prototype conditions are given. However, if the conditions used 
in practice are quite different from those in the set of 138 prototype conditions, 
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the transform may also contain an instruction to display the "actual conditions" 
instead. The actual conditions, being just text strings, cannot be used to assess 
functional group interference. 
4.8 Current Developments 
The LHASA program is very much alive nowadays. The major development in 
recent years has been the port to Unix-based computer systems. Since this work 
has now been completed, it is expected that research on new capabilities for 
LHASA will gain momentum once again. Of increasing importance is the user 
interface. Several aspects are currently receiving attention: 
1. User assistance in the selection of strategies. 
The LHASA Suggestions menu offers the user the strategies which are most 
appropriate for the target structure. Expanding on this capability, a new 
"knowledge-base analysis" module will allow LHASA to assess the merit of 
different transforms in simplifying the target and offer the best ones to the 
user. 
2. Shielding the user from technical details. 
Presently, the user is confronted with too much LHASA jargon. Does he 
really need to be aware of the categories of goal transforms, or to know 
about goals and subgoals? Reducing the jargon and hiding the transform 
categories will make the program appear more accessible.The latter issue 
will be made much easier when the concept of goal transform categories is 
abandoned altogether. In fact, 2-D patterns have been devised for precisely 
this purpose.29 By using 2-D patterns as the exclusive transform-keying 
mechanism, it will be possible to arrive at a generalized transform knowl-
edge base. Subgoal requests will also be made through 2-D patterns, as is 
now done with tactical combinations.33 Hopefully this goal will one day be 
met. At present the 2-D-pattern-keyed subgoal mechanism, while extremely 
powerful, is not as efficient as the one based on functional groups. 
3. Knowledge base development. 
The addition of new transforms and improvement of existing ones, as well 
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as systemization of the transform writing process are the subject of the final 
two chapters of this thesis. 
4. Synthesis route evaluation. 
Presently, the quality of synthesis routes generated by LHASA is deter-
mined mainly by the strategy selected for the analysis. It would be very 
useful if LHASA could compare the merit of alternative routes and thereby 
assist the user in selecting the ones. Of course, the program already knows 
the length of a route and the ratings of the constituent steps, but it should 
also be able to assess the synthetic accessibility of the precursors. The de-
velopment of criteria for evaluating synthesis routes and/or algorithms for 
selecting optimal routes from the tree is research currently considered at 
the CAOS/CAMM Center. 
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Chapter О 
A Protocol for Transform Development 
This chapter discusses the process of knowledge transformation for the LHASA 
system. A systematic procedure has been developed, resulting from ten years of 
experience in knowledge base development at the CAOS/CAMM Center. 
5.1 Introduction 
LHASA, or any other program that generates reactions in a similar way, is not 
an information-retrieval program designed to reproduce and display known ap­
plications of known reactions. On the contrary, the program must be able to 
assess, for an arbitrary target molecule, the applicability of a given retro-reaction 
or transform. It does so by using the knowledge which has been deposited into 
the transform entry in the knowledge base. The creation of a new transform 
entry for the LHASA system is a form of knowledge engineering. In one way 
or another, the transform1 writer must collect information about a chemical re­
action or a group of closely related reactions and, from this information, infer, 
interpolate, or extrapolate statements that constitute knowledge about that re­
action. Of course, some information may already be available directly from the 
literature, but almost always more needs to be known about the reaction before 
it can be adequately described in a transform entry. Why is this so? Ideally, a 
transform description encompasses the complete scope of the reaction. Unfortu­
nately, negative results are usually not published in the primary literature, and a 
detailed assessment of the scope can almost never be found in literature reports. 
Even review articles often make no attempt in this direction. Thus, there is no 
other way for the transform writer than to fill out the gaps in knowledge himself, 
by using his personal expertise and judgment (and that of other chemists), and 
it is here that reaction retrieval systems will be used extensively to provide the 
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necessary information. 
The retrosynthetic approach gives rise to a few additional issues, some of 
which may be unexpected. In particular, it is often difficult to assess the ap-
plicability of a transform to a given target by inspection of the target structure 
alone, especially with respect to reactivity or selectivity. In many such cases it 
is necessary to simply apply the transform and then examine the hypothetical 
precursor before displaying it to the user. Prom the precursor, it is often easier 
to decide whether the synthetic reaction would actually work and lead to the 
desired target or to alternative products. 
Some of the questions most frequently involved in scope investigation and not 
unequivocally answered by the literature are: 
1. Can the reaction be applied intramolecularly? 
2. Are there potential problems of chemo-, regio-, and stereoselectivity? 
3. Which functional groups would directly interfere with the course of the 
reaction mechanism? 
4. Which functional groups would, irrespective of their position, react under 
the conditions employed? 
I? 
Cl 
Figure 5.1: A doubtful application of the Grignaid transform. 
Figure 5.1 illustrates some of these issues: a Grignard reaction is usually applied 
intermolecularly; the chloride would cause direct elimination to an olefin; the 
doubly activated hydrogen would protonate the organometallic center; and the 
aldehyde would react rather than the ketone. 
A Protocol for Transform Development 77 
As in other areas of knowledge engineering, strict procedures have been devel-
oped to convert the collected basic knowledge into code amenable to processing 
by a computer. The following paragraphs describe the language and the pro-
cedure which was developed for this process of knowledge transformation and 
storage. 
5.2 The CHMTRN Language 
By far the most important tool for entering chemical knowledge into the LHASA 
system is the CHMTRN (CHeMistry TRaNslator)2 language. CHMTRN is an 
English-like language designed to be easily readable, and almost as easily writable, 
by the chemist who is not an experienced computer user, let alone a program-
mer. With CHMTRN it is possible to describe most chemical information in 
purely chemical terms, e.g., atom types, functional groups, rings, distance and 
stereochemical relationships, and symmetry properties. The language resembles 
programming languages in some of its components: conditional execution, repe-
tition, block constructs, subroutines, and arithmetic calculations. Of course, the 
structural changes required to convert a target molecule into a precursor molecule 
can also be expressed in CHMTRN. Especially important to the synthesis design 
process are the capabilities for "branching" an analysis when a transform allows 
alternative ways for making a target molecule. The majority of the language ele-
ments, however, are devoted to interrogating the target structure and performing 
some action depending upon the answer, as in: 
KILL IF THERE IS A LEAVING GROUP ANYWHERE 
Such a "sentence" in CHMTRN is called a qualifier. This qualifier is perfectly 
understandable except for the word "KILL" . KILL means that a transform should 
be abandoned from further consideration; it cannot be applied to the target for 
some reason, in this case the presence of a leaving group somewhere in the target 
molecule. In CHMTRN, it is possible to refer to any atom or bond in the target, 
but initially only the atoms and bonds in the retron can be directly referenced -
these have been given labels such as ATOM*l and BOND*3. Atoms in the vicin-
ity of the retron can be referred to by using distance specifiers (ALPHA, BETA, 
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GAMMA). Thus, the qualifier: 
ADD 10 IF THERE IS AN ALKYL GROUP ON ALPHA TO ATOM*3 OFFPATH 
tells LHASA to increment the transform rating by 10 if the target contains an 
alkyl group adjacent to the atom labeled ATOM+3, excluding atoms in the retron 
itself (OFFPATH). Qualifiers of this type, containing an action (called operation), 
a chemical feature (called target3 specifier), and a location part (called locant 
specifier) are very common. The qualifier is said to be "true" if the atom(s) or 
bond(s) of the locant contain the target feature, and only in that case will the 
operation be carried out. 
Usually the qualifier contains small words such as IN, A, ON and THERE. 
These so-called buzzwords have no meaning - they serve only to produce readable 
English. In fact, because of the implicitly conditional nature of qualifiers, even 
IF is a buzzword! Without the buzzwords, the last qualifier would read ADD 10 
ALKYL ALPHA ATOM*3 OFFPATH, and this is how LHASA interprets it. 
At this point it should be noted that LHASA does not actually read the 
text as produced by the transform writer. Instead, LHASA reads an equivalent 
binary, or numerical, form of the transform entry. The numerical representation 
allows very fast interpretation by LHASA, without the need to look up words in 
a "dictionary". The conversion from textual to binary form is called compilation, 
a process very similar to the compilation of programming languages. A separate 
program, CHMTRN.EXE, takes care of most of the compilation. Additional pro-
grams are used to compile the 1-D and 2-D patterns in transforms and to index 
and screen these for efficient look-up. 
5.3 Transform Lay-out 
A transform in the LHASA knowledge base contains the following types of infor-
mation: 
1. Rating information, giving an indication of the usefulness and quality of 
the chemistry described in the transform entry. 
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2. Keying information, governing the selection of the transform during anal-
ysis of a target structure. The retron description, as outlined in the previ-
ous chapter, is, of course, essential. The keying information also includes 
keywords which indicate under which strategies the transform may be se-
lected, and often other specifiers which indicate the structural simplification 
effected by the transform. 
3. Evaluation qualifiers, which allow the program to decide whether a given 
target falls within the scope of the transform and, if so, how well. Most 
evaluation qualifiers operate on the target structure, but it is possible to 
examine the precursor structure as well, e.g., for symmetry checking. 
4. Mechanism qualifiers, which specify the structural modifications needed to 
convert the target structure into the precursor structure. Note that they 
have nothing to do with the "chemical" mechanism of the reaction. 
5. Other qualifiers, such as reaction condition specifiers, instructions to dis-
play textual information to the user, to improve the structural display, etc. 
These may occur interspersed with the "regular" qualifiers. 
An example will clarify the foregoing: in Figure 5.2, the lines are labeled in the 
left margin by the numbers of the items just mentioned. These labels are not 
part of the actual transform text. Rows of three dots mark the beginning of a 
comment, except in case of the four-dot lines - these delimit the "mechanism" 
section. 
The transform text begins with the number and title of the transform, fol-
lowed by a list of literature references. When the transform is actually applied, 
the target and precursor structures are shown along with the transform title and 
the reaction conditions (vide infra); the references can also be displayed if the 
user wishes to examine them. The next items are the rating specifiers4 (labeled as 
1): eight rating criteria and their "marks". These specifiers indicate the general 
quality of the chemistry described in the transform, independent from the target. 
Each criterion has a fixed weight factor associated with it; the marks are added 
to arrive at the initial rating.4 In this case, the initial rating is calculated to be 
50. 
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TRANSFORM 1974 
NAME Acyloin Condensation 
REFERENCES 
March, 904; March (3rd ed.)/ 1113; March (4th ed) 1228-1232 
Synth., 236-253 (1971) (review); 
Org. React. 23, 259 (1976). 
END«REFERENCES 
TYPICAL*YIELD VERY*GOOD 
RELIABILITY GOOD 
REPUTATION FAIR 
HOMOSELECTIVITY BAD 
HETEROSELECTIVITY FAIR 
ORIENTATIONAL*SELECTIVITY NOT*APPLICABLE 
CONDITION*FLEXIBILITY POOR 
THERMODYNAMICS EXCELLENT 
2 ID*PATTERN 
2 C[FGS=TRIALKYLSILOXY;HETS-1;HS=0;RINGS=YES)(-0[RINGS-NO)-SI)" 
2 С [ FGS=TRIALKYLSILOXY ; HETS=1 ; HS=0 ; RINGS-YES ] -0[ RINGS=NO ) -SI 
2 {4,5,6,1,2,3} 
2 2D*PATTERN 
2 
2 OSÌR3 О OR 
2 | - | 
2 C-C-C-C -> C-C C-C 
2 | | • 
2 OSÌR3 OR О 
2 
2 END*PATTERNS 
...Martin Ott, CAOS/CAMM Center, Feb 1994 
2 DISCONNECTIVE 
2 UNMASKING 
2 BROKEN*BONDS BOND*2 BOND*3 BOND*5 
3 KILL IF THERE IS A GOOD*LEAVING GROUP ON ALPHA TO ATOM*l & 
3 OR: ON ALPHA TO ATOM*4 
3 KILL IF BOND*3 IS IN A RING OF SIZE 3 
3 SUBTRACT 10 IF BOND*3 IS IN A RING OF SIZE 8 THROUGH 9 
... Lower yield 
3 ADD 25 IF BOND*3 IS IN A RING OF SIZE 10 OR LARGER 
... Higher yield 
5 CONDITIONS Na[Hg) AND ELECTROPHILIC 
...To mimic TMSCl 
5 ACTUAL*CONDITIONS 480: Na and TMSCl in Toluene 
BREAK BOND*2 
BREAK BOND*3 
BREAK BOND*5 
DOUBLE BOND*l 
ATTACH AN ETHER TO ATOM*l 
ATTACH A CHLORINE TO ATOM*3 
DOUBLE BOND*4 
ATTACH AN ETHER TO ATOM*4 
ATTACH A CHLORINE TO ATOM* 6 
REDRAW THE PRECURSOR 
Figure 5.2: Sample transform entry. 
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The next section is the keying information (labeled as 2). Because LHASA 
does not know the "l,2-bis(trialkylsilyloxy)alkene" functional group, the trans-
form cannot be written as a one-group transform; it must be a pattern transform. 
Hence the principal retron description is a 1-D pattern, from which the atom and 
bond labeling is derived. A more lucid 2-D pattern is provided as well; this 
enables the use of this transform in tactical combinations5 and as a 2-D-pattern-
keyed subgoal transform.6 The keying information section is concluded by three 
specifiers which tell LHASA that the transform (a) removes non-core functional-
ity and (b) disconnects a carbon-carbon bond which is (c) labeled as BOND*3 in 
the retron. 
There are only a few evaluation qualifiers (labeled as 3). A leaving group ad-
jacent to the reaction center would probably not survive the reaction conditions; 
such direct interference usually warrants a KILL qualifier. Rating adjustments 
are made for specific ring sizes to be formed; a 3-membered ring is disallowed al-
together. Next, reaction conditions (labeled as 5) are specified. Two of LHASA'S 
138 prototype conditions give a reasonable approximation with respect to inter-
fering functionality. However, the prototype conditions deviate somewhat from 
conditions actually used, so the actual conditions are also specified as a text 
string. The mechanism section (labeled as 4) takes care of building the precur-
sor. Finally, there is one post-mechanism qualifier, i.e., a qualifier operating on 
the precursor rather than on the target. The REDRAW qualifier (labeled as 5) 
instructs LHASA to re-calculate the display coordinates in order to improve the 
appearance of the precursor. Without this command, the esters are likely to 
overlap in the display. Figure 5.3 shows an application of the transform. Note 
the rating decrement due to the nine-membered ring. 
5.4 Chemistry and Transform Selection 
The impetus for writing new transforms may come from several directions. Users 
may notice LHASA'S failure to reproduce known syntheses, indicating gaps in 
the knowledge base; new synthetic methodology may be found in the literature 
that is worth adding to the knowledge base; or a systematic literature survey for 
the synthesis of specific classes of compounds (say a type of heterocycle) may 
reveal incomplete coverage in the knowledge base. 
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CONTINUE 
1974 Acytoin Condensation 
Actual Conditions: Na and TMSCI in Toluene 
Figure 5.3: Sample application of the transform of Figure 5.2. 
Developments within LHASA may also prompt knowledge base additions. In 
the past ten years, about 500 tactical combinations have been selected from the 
literature to form the LHASA tactical combination database.5 The constituent 
steps of these tactical combinations were not always present in the transform 
knowledge base and many new transforms were required. Another occasion was 
the addition (in 1986) of silicon-containing groups to the list of functional groups 
known to LHASA. In the years thereafter, some tens of transforms were written 
to incorporate this (for LHASA) new chemistry, several of which were written 
at the CAOS/CAMM Center during the research for this thesis. A complete list 
of all transforms which were developed at the Center under supervision of the 
author of this thesis is included as an appendix to this chapter. 
Once a lacuna in the knowledge base has been identified, the chemistry in­
volved must be surveyed for specific transforms to be written. Not every reaction 
encountered in the literature warrants a new transform. General synthetic meth­
ods are more useful than reactions leading to very specific compounds. The law 
of diminishing returns forces the transform writer to be selective in this respect. 
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For example, in the case of the vinylsilane syntheses, only five synthesis methods 
were deemed to be suitable for inclusion in the LHASA knowledge base (Fig-
ure 5.4). It should also be kept in mind that vinylsilanes rarely occur in actual 
synthetic targets; usually they are intermediates. The coverage of the syntheses 
of the various substituted vinylsilanes by the five transforms of Figure 5.4 is both 
broad and diverse. 
5.5 Knowledge Sources 
Once a specific reaction has been selected for description in a transform entry, 
the necessary information about its scope has to be collected. As mentioned 
previously, comprehensive information about scope is almost never available. The 
best sources of information are review articles and books of a similar nature. 
In books and reviews dealing with well-established chemistry, specific details 
concerning scope and limitations can often be found. Unfortunately, reviews 
about relatively new chemistry tend to give a broad overview instead. 
A major entry into the literature is provided by reaction retrieval systems 
such as ORAC, REACCS, and IRDAS. The ability of these systems to search 
for specific structural changes offers an invaluable supplement to the text-based 
searches in, for example, the Chemical Abstracts. Because many databases are 
produced by selectively abstracting the current literature, the focus is on new 
synthetic methodology and interesting applications of known reactions; this type 
of coverage yields very useful information for the transform writer. 
Insufficient knowledge about the scope of a reaction means that the transform 
writer has to judge many conceivable applications for which precedents cannot 
be found. The absence of precedents is in itself insufficient reason to disallow 
particular applications. Of course, the reaction may have been unsuccessfully 
tried in the laboratory, but if the failure has not been reported in the literature, 
the transform writer may neglect to incorporate this knowledge in the transform. 
Nevertheless, the situation is not as bleak as it seems. In the vast majority of 
cases, the mechanism of the reaction is known. From the mechanism, possible 
reactivity problems can be inferred, even though the literature does not mention 
them - often because they are too obvious! Of course, since LHASA does not 
verify the reaction mechanistically, all structural features which would impede 
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268 Peterson Reaction for HeterosubetJtuted Olefins 
R' SIR3 R' H S¡R3 X 
R" R" 
) = 0 SiR3-\[ 
R" R" 
616 Stereoselective Reductive SllytatJon of Alkyne 
H S¡R3 
R' 
R' 
Χ 
S¡R3 
617 Stereoselective Hydrobromlnation of Afcynylsllane and Alkylation 
H S¡R3 
Χ 
H S¡R3 M 
R' R" 
R' SiR3 M 
H R" 
H SiR3 X 
H R" 
R' 
R' 
> = < 
Br 
SiR3 
Br 
H SiR3 X 
H Br 
618 Shapiro Vinyl Anion Formation and Slrylarjon 
H О 
*
 Н
^Ч 
H SiR3 
Χ 
R' R" 
619 Reductive Sirylatlon of Vinyl Hallde 
R' SiR3 R' Br X => X 
R" R'" R" R"' 
R'-
-SiR3 
Figure 5.4: The five transforms written for vinylsilane synthesis. 
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the reaction mechanism have to be checked explicitly by the transform, including 
the obvious ones. Thus, applications which are mechanistically valid but have 
no precedents are given the benefit of the doubt, enhancing LHASA'S function 
as a generator of ideas. The fact that LHASA sometimes generates applications 
that will fail in the laboratory does not disqualify the system; the chemist himself 
might well do the same in a "paper" analysis. 
Last but not least, the transform writer may consult expert synthetic chemists 
to obtain better insights into the pecularities of a reaction. 
5.6 Scope and Limitations 
The most important issue in scope assessment is direct interference with the re-
action mechanism. The unfavorable position of leaving, electron-withdrawing, 
electron-donating, or conjugated groups near the reaction center can make a re-
action impossible, or implausible at best. Within the transform, the vicinity of 
the reaction center has to be scrutinized for these features. The topology of the 
surrounding structure can also have effects on the reactivity. With disconnective 
transforms, intermolecular and intramolecular applications should always be ex-
amined. Obviously, a ring closure reaction will be critically dependent on the ring 
size. But fused and bridged rings already present in the target may influence the 
reaction as well: for instance, can a pyridine synthesis be used to make quinolines 
or even acridines? Sometimes a transform application seems perfectly reasonable 
from an examination of the target alone, but that transform may be rendered 
invalid because of features introduced unexpectedly in the precursor. For ex-
ample, an olefin epoxidation transform operating on benzene epoxide generates 
the aromatic precursor benzene, which is apparent only after the mechanism has 
been applied (Figure 5.5). 
Epoxidation ^ ¿ ί - \ 
Figure 5.5: An epoxidation transform unexpectedly generating benzene. 
О 
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Interference of a more general nature, in particular the reactivity of non-
participating functional groups towards the reaction conditions or reagents, can 
be handled by the normal evaluation of functional group interference. With 
applications suffering from functional group interference, the policy in LHASA is 
not to disallow them but to automatically decrement the rating. No evaluation 
is needed in the transform - specifying the reaction conditions is sufficient. 
The next issue to be considered is selectivity: chemo-, regio-, and stereose-
lectivity. Chemoselectivity is treated implicitly by the functional group inter-
ference evaluation just mentioned. Regioselectivity is more difficult to assess; 
all regiochemical issues have to be treated explicitly in the transform. Very of-
ten, empirical rules can be used to describe regioselectivity. For example, in the 
Diels-Alder transform, the orientational regioselectivity is determined by com-
paring the radical-stabilizing effect of substituents on the atoms comprising the 
reaction center. The CHMTRN language provides a specifier (RADICAL) for this 
purpose. Relative radical stabilization is estimated by looking at the number and 
nature (alkyl, withdrawing, donating, conjugating) of the substituents. In trans-
form 618 in Figure 5.4, the main regioselectivity problem arises in the Shapiro 
reaction when the reactant ketone can enolize at either side. Here, the selectivity 
is determined by steric hindrance: the olefin will end up at the less substituted 
position. There are no problems if the ketone is symmetrical; this evaluation can 
best be done on the precursor. Therefore, regioselectivity checks are often done 
post-mechanism. With regioselectivity, the general policy is to disallow transform 
applications to the "wrong" regioisomer and to decrement the rating when there 
is no clear preference. 
A final issue is the strategic scope. Not every conceivable application is also 
worthwhile. How useful is it to disconnect the fusion bond of a decalin, to arrive at 
a cyclodecane precursor? Another strategic consideration may be the availability 
of starting materials, but great care should be taken here, as this criterion is 
likely to be even more susceptible to change than developments in scope. 
5.7 Technical Issues 
Several aspects of CHMTRN writing are of a more technical nature. As men-
tioned before, CHMTRN has a subroutine capability. With "normal" program-
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ming a subroutine is used to split off a section of code that can be called from 
various places, in order to avoid unnecessary repetition of that code. Subroutines 
make it also easier to follow the flow of control, and have a self-documenting 
function. In CHMTRN, subroutines are used in a very similar way. For instance, 
the regioselectivity of the Shapiro step in transform 618 in Figure 5.4 is checked 
by a subroutine called SHAPIRO-CHECK which is called by all transforms deal-
ing with Shapiro-type reactions. Similar subroutines have been written to check 
the suitability of a Wittig precursor, an organometallic precursor, and a Michael 
acceptor. Used in this way, subroutines serve as an extension of the CHMTRN 
language but are of course much more easily modifiable than the language it-
self. The subroutines which were written at the CAOS/CAMM Center under 
supervision of the author of this thesis are listed in the appendix to this chapter. 
Of major importance in the knowledge base development process is testing. 
The performance of new transforms must be checked by submitting test target 
structures to them. Ideally there would be a test structure for every qualifier in 
the transform. In practice, however, this level of precision cannot be achieved 
because most transforms contain just too many qualifiers. Still, an attempt 
should be made to subject a wide variety of target structures to the testing 
process. Some targets from the literature should be included, of course. Simple 
transforms require less testing than complex ones. For the average transform, 
about thirty well-chosen test targets should be sufficient. 
The process of issuing many test targets to LHASA is quite time-consuming. 
To facilitate testing, LHASA allows manual transform selection and "batch mode" 
operation. When run in batch mode, LHASA does not obtain user instructions 
from the screen but rather reads them from a so-called journal file. The journal 
file can be recorded from an interactive LHASA session, but an easier way is 
provided by the MAKETEST program written at the CAOS/CAMM Center as 
part of the research for this thesis. Nowadays, most interactive time is spent 
drawing the structures and examining the test results. 
A knowledge base dealing with a field changing as rapidly as synthetic organic 
chemistry requires updating and maintenance on a continuous basis. Additional 
maintenance is needed because not all transform writers who have contributed to 
the knowledge base were equally skillful and experienced. Hence a considerable 
variation exists in the quality of the transforms. One transform may execute 
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a thorough evaluation, properly addressing regio- and stereoselectivity issues, 
while another transform may allow naive and even incorrect applications. Such 
inconsistency is especially undesirable from a user's point of view, since he/she 
has no clue about the quality of the transforms. 
5.8 Considerations for the Future 
Since the production of high-quality transforms for the LHASA knowledge base 
is so labor-intensive, requiring the effort of trained PhD-level chemists, is there 
no other way to construct a knowledge base? One possibility is a more direct 
utilization of reaction databases, which usually contain several examples of a given 
reaction. A classification according to reaction type7 has to be performed, and 
the examples belonging to a particular reaction type collected. From this set of 
examples, some properties of the reaction can be inferred. This general approach 
for building knowledge bases is adopted by several research groups,8-12 sometimes 
supplemented with a facility to add knowledge interactively.13 However, often the 
only information items extracted from the databases are the structural conversion 
and the reaction yield. A detailed assessment of the scope is hardly obtainable. 
As in the primary literature, failed reactions are usually absent from reaction 
databases. Hence there is no automatic way to extract knowledge about side 
reactions from databases. Likewise, rules for predicting regio- or stereoselectivity 
are very difficult to infer from a set of examples, especially when there is a subtle 
dependence on the reaction conditions. 
Therefore, it is still a viable option to build a knowledge base through man-
ually writing transforms in CHMTRN - not in the least because of the wealth of 
information already deposited into the knowledge base. The obvious advantages 
of writing transforms are the great detail in which the chemistry can be described 
and the ease with which the knowledge can be modified and extended. The cre-
ation of subroutines that function as off-the-shelf "chunks" of code to perform 
a specific part of the transform evaluation is of great importance in making the 
transform-writing process more efficient. 
An aspect of transform writing that is currently receiving more attention 
than it did before is feed-back to the user. With recently written transforms, 
the chemistry on the screen is accompanied with more textual information. Sup-
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plementing prototype conditions with actual conditions, and issuing messages to 
alert the user to potential problems, allow better appreciation of the reaction 
shown. However, the user should never forget that the chemistry displayed by 
LHASA is not "true" chemistry, in the sense that the reaction is expected to 
work as such. Rather, LHASA displays the transform because it did not find any 
reason to expect that the reaction would not work. 
90 Chapter б 
5.9 Appendix: Knowledge Base Additions 
Below, the knowledge base additions to the LHASA system are listed under 
three headings: transforms, tactical combinations, and subroutines. This work 
was done or supervised by the author of this thesis. Not included are knowledge 
base improvements to existing transforms, of which literally hundreds have been 
carried out.14 
New transforms: 
9 Haloform Reaction on Cyclic 1,3-Diketone 
62 Enol Ester Formation, Epoxidation and Rearrangement 
86 Acetylene Oxidation to Alpha-Diketone 
268 Peterson Reaction for Heterosubstituted Olefins 
273 Silicon-directed Nazarov Cyclization 
279 Electrophilic Attack of Acetal on Allyl Silane 
282 Friedel-Crafts Acylation of Allyl Silane 
283 Electrophilic Attack of Carbonyl on Propargyl Silane 
284 Electrophilic Attack of Acetal on Propargyl Silane 
285 Acetylide Acylation 
291 Reformatsky Reaction 
292 Reformatsky Reaction of Nitrile 
294 Vinyl Phosphonate or Sulfonate Formation 
611 Peterson Methylenation Reaction 
613 Condensation to Epoxysilane and Hydrolytic Rearrangement 
616 Reductive Silylation of Acetylene 
617 Reductive Alkylation of TMS-Acetylene 
618 Shapiro Vinyl Anion Silylation 
619 Reductive Silylation of Vinyl Halide 
620 Tetrasubstituted Olefins by Twofold Extrusion 
623 SN2 Epoxide Opening by Ester Enolate and Lactonization 
624 Reductive Coupling of Carbonyls to Olefin 
625 Reductive Coupling to Enol Ether and Hydrolysis 
626 Carbonyl Hydrocyanation 
725 Cyclopropanation by Carbenoids 
868 Sulfoxide Oxidation to Sulfone 
900 Haloform Reaction 
902 Disulfide Reduction 
957 Allylic Oxidation to Enone 
959 Oxidation Alpha to Carbonyl 
960 Halogenation or Hydroxylation Alpha to Carbonyl 
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1432 Pyrazoles from Beta Dicarbonyls and Hydrazine 
1937 1,2-Diacylethylenes by Oxidative Opening of Furans 
1938 Reformatsky Reaction of Imine to Beta-Lactam 
1939 SN2' Epoxide Opening by Organometallic 
1940 Birch Reduction of Methoxybenzenes and in situ Alkylation 
1941 Mask via Carbonic Acid Derivative 
1942 Mask via Carbonic Acid Derivative 
1943 Dehydration of Nitro to Nitrile Oxide 
1944 Elimination of Haloxime to Nitrile Oxide 
1945 Cyclopropanation of Activated Olefin 
1946 Cyclopropanation of Activated Halo Olefin 
1947 SN2' Oxetane Opening by Carbanion 
1948 Thione Formation from Ketones 
1949 Acyl Silane by Silylation of Dithiane Anion 
1950 Acyl Silane by Hydroboration/Oxidation of Silyl Acetylene 
1951 Acyl Silane by Acylation of Silyl Anion 
1952 Ketenes by Dehydrohalogenation of Acyl Halides 
1953 Perkin Condensation 
1954 Erlenmeyer Azlactone Synthesis 
1955 Benzimidazoles from o-Phenyldiamines 
1956 Aryl Fused Imidazoles from ortho-Nitro-Aryl Amines 
1957 Aryl Fused Imidazoles from ortho-Acylamino Aryl Amines 
1958 Imidazoline from Diamine and Acid Derivative 
1959 Imidazolones from Oxazolones 
1960 Azlactones by Intramolecular Cyclization 
1961 Imidazoline Derivative from Ethylenediamine 
1962 Hydantoines from RNCO and Amino Ester 
1963 Bucherer-Bergs Synthesis of Hydantoines 
1964 Synthesis of Unsaturated Hydantoines 
1965 Sulphidation of Carbonyl Imide 
1966 Amination of Thioamide 
1967 Hydrolysis of Imino Thioether 
1968 S-Alkylation of Thioamide 
1969 Hydrolysis of Beta-Oxy Enol Ether and Aromatization 
1970 Elimination and Tautomerization to Phenol 
1971 Tetrahydropyrimidines from diamines and amidines/esters 
1972 Tetrahydropyrimidine by Reduction of Pyrimidine 
1973 Stereoselective ANTI Allylation of Aldehydes 
1974 Acyloin Condensation 
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New tactical combinations: 
5035 Cyclopentenone via carbonylative coupling and Nazarov cyclization 
5091 1,3-cyclopentadione from ketone and a-chloro-ester 
5276 Fused cyclopentenone via Baeyer-Villiger rearrangement of 
spirocyclobutanone 
5277 Fused cyclopentenone via Michael addition, reduction, and cyclization 
5278 Fused cyclopentenone via epoxide and spiro-7-lactone 
5279 Fused cyclopentanone via Claisen rearrangement and diazoketone 
cyclopropanation 
5458 Phenol via Diels-Alder of chloroalkene and 1,3-dioxygenated diene 
5459 Phenol via Diels-Alder of activated alkyne and 1,3-dioxygenated diene 
5597 Cyclopentenone via ester enolate opening of epoxide 
5598 α-Methylene 7-lactone via ester enolate opening of epoxide 
5599 Fused α-Methylene 7-lactone via carbonylative cyclization 
5601 α-Methylene 7-lactone via chloroketene [2+2] cycloaddition 
5773 Two-carbon ring expansion via [2+2] cycloaddition 
5774 Two-carbon ring expansion via acyloin condensation 
5846 Stereoselective synthesis of írnns-2-alkenyl-cycloalkanol 
5951 Stereoselective synthesis of (i?)-disubstituted vinylsilane 
5952 Stereoselective synthesis of (Z)-disubstituted vinylsilane 
5953 Stereoselective synthesis of (i'J-trisubstituted olefin 
5954 Stereoselective synthesis of (Z)-trisubstituted olefin 
5957 Aliene synthesis via propargyl alcohol 
5958 Aliene synthesis via i/em-dibromocyclopropane 
5959 Stereoselective synthesis of /3-hydroxy-vinylsilane 
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New subroutines: 
FREE-HETERO: tries to disconnect the offpath substituent on an oxygen or sulfur 
atom. 
CHECK-CONJ: checks for conjugated dienes, enynes, or diynes which cannot be 
selectively hydrogenated. 
CARBONYL_REDUCTION: checks for blocks to the reduction of a carbonyl to a 
methylene. 
CARBONYL-CHECK: checks whether the number of hydrogens present will allow 
the desired type of carbonyl (aldehyde or ketone) to be formed. 
SHAPIRO-CHECK: checks the regioselectivity of the Shapiro reaction, which is 
determined by steric factors. 
OLEFIN_SUBSTITUTION_CHECK: checks the substitution pattern of an olefin to 
see whether stereochemical complications may arise in its synthesis. 
WITTIG-CHECK: checks for structural features around the reaction center which 
might interfere with the Wittig reaction. 
ORGANOMETAL: checks the suitability of an organomagnesium, organolithium, 
or organocuprate compound. 
ELIM .CHECK: checks the feasibility of olefin formation by 1,2-elimination. 
ELlM-REGlo_CHECK: checks the regioselectivity of 1,2-elimination reactions. 
MARKOVNIKOV: checks for structural features which would impede Markovnikov 
addition to an olefin. 
RCNO_ADD_MECH: performs the mechanism for nitrile oxide additions to carbon-
carbon double bonds and checks the regiochemistry of the cycloaddition. 
INTRA DA_CHECK: checks the feasibility of an intramolecular Diels-Alder reac-
tion. 
BRIDGED-DA: checks the feasibility of a Diels-Alder reaction with a cyclic diene. 
STEREO _DA: furnishes the mechanism commands to create precursors with the 
correct stereochemistry for intermolecular Diels-Alder reactions. 
CHECK_CIS-BRIDGES: checks the presence of impossible multiple cis-bridges on a 
ring. 
94 Chapter 5 
References and Notes 
"Transform" is generally used in retrosynthetic analysis as a synonym to retro-reaction. 
However, within LHASA "transform" is also used to indicate the retro-reaction description 
in the knowledge base. This convention has been adopted throughout the thesis. 
Corey, E.J.; Long, A.K.; Rubenstein, S.D. Computer-Assisted Analysis in Organic Syn­
thesis. Science 1985, 228, 408-418. 
The use of the word "target" for this purpose is perhaps unfortunate, but can hardly lead 
to confusion with the synthetic target. 
Corey, E.J.; Long, A.K.; Lotto, G.I.; Rubenstein, S.D. Computer-assisted synthetic analy­
sis. Quantitative assessment of transform utilities. Reel. Τταυ. Chim. Pays-Bas 1992, 111, 
304-309. 
Long, A.K.; Kappos, J.C. Computer-Assisted Synthetic Analysis. Performance of Tactical 
Combinations of Transforms. J. Chem. Inf. Comput. Sci. 1994, 34, 915-921. 
Long, A.K.; Kappos, J .C; Rubenstein, S.D.; Walker, G.E. Computer-Assisted Synthetic 
Analysis. A Generalized Procedure for Subgoal Transform Selection Based on a Two-
dimensional Pattern Language. J. Chem. Inf! Comput. Sci. 1994, 34, 922-933. 
Rohde, В., "Reaction type informetrics of chemical reaction databases: how 'large' is 
chemistry?," in Montreux 1993 Conference (H. Collier, ed.), pp. 109-127, Roy. Soc. Spec. 
Pubi., 1994. 
Gelernter, H.; Rose, J.R.; Chen, С. Building and Refining a Knowledge Base for Synthetic 
Organic Chemistry via the Methodology of Inductive and Deductive Machine Learning. 
J. Chem. Inf. Comput. Sci. 1990, 30, 492-504. 
Blurock, E.S. Computer-Aided Synthesis Design at RISC-Linz: Automatic Extraction and 
Use of Reaction Classes. J. Chem. Inf. Comput. Sci. 1990, 30, 505-510. 
Yanaka, M.; Nakamura, K.; Kurumisawa, Α.; Wipke, W.T. Automatic Knowledge 
Base Building for the Organic Synthesis Design Program (SECS). Tetrahedron Comput. 
Methodol. 1990, 3, 359-375. 
Satoh, H.; Funatsu, K. SOPHIA, a Knowledge Base-Guided Reaction Prediction System — 
Utilization of a Knowledge Base Derived from a Reaction Database. J. Chem. Inf. Comput. 
Sci. 1995, 35, 34-44. 
Nakayama, T. Building and Structuring a Large Knowledge Base for Computer-Assisted 
Synthesis Planning. J. Chem. Inf. Comput. Sa. 1995, 35, 885-893. 
Nakayama, T. Computer-Assisted Knowledge Acquisition System for Synthesis Planning. 
J. Chem. Inf. Comput. Sci. 1991, 31, 495-503. 
The LHASA system contains documentation files (CHANGES.*) in which all additions and 
modifications to the system are described. 
Chapter Ό 
The Quinone Diels-Alder Transform 
This chapter describes the development and implementation in the LHASA sys­
tem of a long-range substrategy aiming at the application of the Quinone Diels-
Alder transform0. It is shown that retrosynthetic sequences of more than 20 steps 
can be generated in search for the goal transform application. 
6.1 Introduction 
In (total) synthesis, one of the most useful reactions for introducing structural 
complexity is the Diels-Alder reaction.1,2 In this reaction, at least one new ring is 
formed, together with up to four new stereocenters, often with predictable regio-
and stereoselectivity (Figure 6.1). The functionalized cyclohexene that is formed 
can easily be elaborated towards more complex structures. Many useful varia-
CXJ -
Figure 6.1: The Diels-Alder reaction. 
tions of the Diels-Alder reaction exist, an important one of which is the Quinone 
Diels-Alder (QDA) reaction (Figure 6.2). Although the reaction can be applied 
intramolecularly, the intermolecular version is more common, so generally one 
"This research will be presented at the Fourth International Conference on Chemical Struc­
tures in June, 1996 and published in a special issue of J. Chem. Inf. Comput. Sci. devoted to 
the conference. 
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ring is formed, together with up to four stereocenters, as with the standard reac­
tion. Diels-Alder reactions with quiñones usually show excellent endo-selectivity, 
and when both the diene and the quinone are unsymmetrically substituted, regio-
selective cycloaddition is often possible. The high degree of functionalization of 
О О 
О о 
Figure 6.2: The Quinone Diels-Alder reaction. 
the initial adduct adds to the synthetic potential of the QDA reaction. The cis-
decalin ring system contains at least four functional groups (where one or even 
both of the olefins can be part of an aromatic ring) which are excellent handholds 
for the attachment of new groups and side chains, often with good chemo-, regio­
and stereoselectivity. Regioselective elaboration is facilitated by the difference 
in electron density between the two olefins; often the B-ring ketones can also be 
discriminated, either because of electronic (with an unsymmetrically substituted 
B-ring olefin) or steric (by either Α-ring, B-ring, or fusion substituents) effects. 
Stereoselective elaboration is facilitated by the bowl-shape of the cis-decalin ring 
system, which causes a prominent difference in steric accessibility between the 
two faces of the cycloadduct. It would appear that all these attractive properties 
make QDA adducts very suitable starting points for the synthesis of a wide vari­
ety of target molecules, many of which are highly functionalized. This is indeed 
the case; a representative selection is shown in Figure 6.3. A typical example of 
a total synthesis based on the QDA reaction is shown in Figure 6.4. 
From the foregoing it is clear that a retrosynthetic strategy based on the 
Quinone Diels-Alder transform as a goal transform can be very fruitful, but it 
is equally clear that such a strategy can at times be extremely difficult to ap­
ply. The full QDA retron is, of course, the cis-decalin of Figure 6.2. But what 
constitutes the partial retron for the QDA transform, the substructure used to 
0 
The Quinone Diels-Alder Transform 97 
Figure 6.3: Target molecules whose synthesis has been based on the Quinone 
Diels-Alder reaction: (1) OccidoP; (2) Dendrobine*; (3) Hirsutene5; (4) 
Ibogamine6; (5) Reserpine7·8; (6) Pentaprismane9; (7) Tetrodotoxin10'13; (8) Gib-
berelic Acid1*·™. 
key the long-range search? Taking into account the synthetic possibilities of the 
QDA adduct, it would seem that almost any substituted decalin could be made 
from it, functionalized or not, or even one containing an aromatic ring. Hence a 
decalin ring system could function as the partial retron. However, even a decalin 
substructure can be easily mapped onto only a few of the targets in Figure 6.3; 
and then the possible pathways between target and QDA adduct still have to 
be identified. A major complication arises when one (or even both) of the rings 
is cleaved later in the synthesis route; the decalin is then hardly recognizable 
anymore in the final product. Most of the targets in Figure 6.3 do not contain 
the decalin ring system anymore. Of course, this mapping problem has repercus-
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Figure 6.4: A synthesis of estrone methyl ether based on the Quinone Diels-Alder 
reaction16. Reagents used: (a) BF3.Et20; (b) NaHC03/MeOH; (c) LiAi(t-Bu)3H; 
(d) MsCl; (e) Zn/MeOH; (f) H2/Pd; (g) Red-Al; (h) AcCl; (j) Li/NH3/THF; (k) 
OsOi/Pyridine; (m) Pb(OAc)4/THF; (n) HC1/THF; (p) NH2OH. 
sions for the implementation of the QDA goal transform strategy in the LHASA 
program. Note that in the remainder of this chapter the terms "QDA goal trans-
form search" and "QDA transform" (as in the title of this chapter) are used 
interchangeably, although strictly speaking the latter is only the final step of the 
analysis. 
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6.2 Mapping the QDA Retron 
As outlined in the introduction, recognition of the QDA retron becomes very 
difficult when the required decalin system is not present in the target molecule. 
Moreover, other transform-goal searches in the LHASA system17-20 operate only 
on rings whose size correspond to the respective full retrons. In order to stay in 
line with these implementations, it is prudent to treat the QDA transform in the 
same way; that is, the partial retron is a carbocyclic bicyclo[4.4.0] ring system 
and ring contraction, expansion, or cleavage transforms operating on this ring 
system are not considered as subgoals. Thus, the purpose of the retrosynthetic 
Subgoal steps / \ ^ Ν G o a l 
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Figure 6.5: Overall Operation of the Quinone Diels-Alder Package. 
package for the QDA transform is to convert, by using subgoal transforms, any 
suitable decalin-containing target into a precursor containing the full retron for 
the QDA goal transform, which can then be applied (Figure 6.5). The goal of 
the analysis is, therefore, an SS-goal (substructure-goal), the substructure being 
the full QDA retron. 
The QDA retron is depicted in Figure 6.6 with the atom, bond, ring, and 
face labeling used in this text. The ring derived from the reactant diene (the 
one formed by the cycloaddition) is called ring A and the ring derived from 
the reactant quinone ring B. The concave face of the cis-decalin is called the 
α-face and the convex face (the one initially containing the fusion substituents) 
the /3-face. The precise structural characteristics of the full QDA retron - the 
substructure-goal - are the following (atom and bond numbering as in Figure 6.6): 
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α-face 
Figure 6.6: The retron for the Quinone Diels-Alder transform with atom, bond, 
ring, and face labels. 
• A cis-fused decalin, with fusion substituents in the /?-face. 
• sp3-Hybridized atoms at atoms 1, 4, 5, and 6. 
• Ketones at atoms 7 and 10. 
• Double or aromatic bonds at bonds 2 and 9. 
• No hydrogen-bearing hetero substituents at atoms 1, 2, 3, 4, 5, and 6. 
• No donating groups on the decalin fusion (atoms 5 and 6), nor sterically 
demanding groups. 
• The decalin is not bridged, except maybe for a bridge between atoms 1 and 
4 in the /3-face. 
• The substituents on the decalin reflect the correct regioselectivity (quinone 
site and orientation) and stereoselectivity (endo) for the Diels-Alder reac­
tion. 
Clearly, the fact that there are so many potential synthetic targets for the 
QDA transform necessitates a careful design of the retrosynthetic package. A 
"divide and conquer" method is used. In a first-order approximation, subgoal 
transforms on ring A are treated independently from those on ring B, while any 
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inter-ring transforms (e.g., haloetherification, halolactonization) and any trans­
forms applied to the fusion substituents are treated as a disturbance on the overall 
structure of the package. The next issue is the order in which retrosynthetic op­
erations should take place. Looking at the full retron, it should be noted that the 
functionality on ring В is more reactive than the functionality on ring A. Hence, 
from a synthetic point of view, reactions on the initial Diels-Alder adduct can best 
be carried out first on ring B. The ensuing reduction of reactivity will facilitate 
the subsequent synthetic operations. Therefore, from a retrosynthetic point of 
view, subgoal transforms should be carried out first on ring A of the target, which 
will then suffer less from reactive functional groups on ring B. Of course, very 
reactive functional groups in the target would have been removed first as part of 
the normal processing by LHASA, so these groups can be considered absent from 
the target as it is processed by the QDA transform. 
The retrosynthetic analysis is guided by a matching process. A decalin ring 
system within the target is matched against the QDA retron, which can be done 
in two ways: either ring of the target decalin can become ring A (and the other 
one ring B). This corresponds to two different so-called orientations. Given one 
of these orientations, the target structure is mentally divided into three parts: 
the four non-fusion atoms of ring A (atoms 1-4, coming from the diene), the two 
fusion atoms (5 and 6), and the four non-fusion atoms of ring В (7-10). The task 
of matching the decalin against the QDA retron is now reduced to three smaller 
matching operations. The technique used to perform these matching operations 
for the A and В rings is identical to the one used in the Robinson Annulation18 
and Halolactonization19 long-range transforms and is briefly described here again 
for convenience. 
6.3 QDA Procedures and Chemistry Subroutines 
Each of the A and В rings (usually without the decalin fusion atoms) is divided 
further into one or more subunits called localized matching units (LMU's).18 An 
LMU consists of one to four carbon atoms and corresponds to specific retrosyn­
thetic operations that can be performed at that subunit. The assignment of 
LMU's to particular substructures within the target is determined (or rather 
suggested) by functional groups and substitution patterns in the target and can 
102 Chapter β 
г
.
л
к ш и 
Γ et \ 
он 
1-CLMU 
ОМ 
Figure 6.7: LMU assignments on a target and associated chemistry. SubgoaJ 
steps: (a) conjugate oigaiiometailic addition; (b) hydrolysis to enone; (с) ketone 
reduction to alcohol. 
generally be done in several ways. Figure 6.7 shows two LMU assignments, a 
one-carbon LMU and a three-carbon LMU, to the four non-fusion B-ring atoms 
of a target. These assignments constitute a complete LMU assignment for the 
B-ring part of the QDA retron. As can be seen from the example in Figure 6.7, 
an LMU assignment is closely connected to a particular sequence of transforms, 
or sometimes to a number of related sequences. The one-carbon LMU should be 
convertible to a ketone, and the three-carbon LMU should be convertible to an 
enone which is subsequently "turned around" by a type of allylic oxygen shift. 
The subgoal transform sequence corresponding to a complete LMU assignment 
is called a procedure.16 
For the QDA package, eight different procedures have been devised21 for 
each of ring A (Figure 6.8) and ring В (Figure 6.9). Note that the first procedure 
of both lists is symmetrical with respect to the horizontal axis of the retron. 
The seven remaining procedures can be applied in two ways (top and bottom 
reversed), so there are actually fifteen Α-ring and fifteen B-ring procedures. The 
combination of a particular orientation, a particular Α-ring procedure, and a 
particular B-ring procedure, is called a QDA procedure. The total number of 
possible QDA procedures is 450 (2 orientations χ 15 A-ring procedures χ 15 
B-ring procedures). 
The application of a particular Α-ring or B-ring procedure is in effect a 
"search" for a subgoal sequence or, stated differently, an attempt to perform 
the required subgoal transforms which constitute that procedure. In all these 
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procedures, several subgoal steps and sequences occur repeatedly, such as olefin 
introduction, conjugate addition/alkylation, and allylic oxygen shift. For each 
of these retrosynthetic operations, a separate CHMTRN subroutine was created. 
Most of these so-called chemistry subroutines16 had already been written for ex­
isting long-range transforms,18,19 for example GET_CO, GET_DB, GET_ENONE, and 
CLAISEN. 
The following chemistry subroutines are used for steps (a) to (h) in Figures 6.8 
and 6.9: 
a: GET_DB: generates an olefin at a two-carbon LMU. One of the methods tried 
is the introduction of an epoxide using subroutine GET .EPOXIDE as it is 
often able to remove appendages. 
b: CHECK _DIENE_TERMINAL: generates a type of substitution compatible with 
the Diels-Alder reaction at a one-carbon LMU which will become the diene 
terminus. This is a greatly expanded version of the CHECKFG subroutine 
written for the long-range Diels-Alder transform.22 If there is a bridge, it 
must be in the /3-face; otherwise at most one substituent is allowed which 
must be in the α-face. Heteroatom substituents cannot bear hydrogen 
atoms. 
e: ALLYL-REARR: This "allylic rearrangement" is performed at a three-carbon 
LMU. Three types of substituents can be removed with concomitant shift 
of the olefin18: chloride (by allylic rearrangement with SOCl2), sulfoxide 
(by 2,3-sigmatropic rearrangement of a sulfenate ester), and a carbonyl-
methyl appendage (by the Claisen rearrangement). The latter is done by 
the CLAISEN23 subroutine. 
d: SHIFT-OLEFIN: shifts an olefin to the desired position at bond 2 or bond 9, 
with concomitant 1,3-transposition or removal of oxygen functionality. Four 
ways of accomplishing this conversion have been devised. Usually several 
of these are tried, causing the analysis to branch: 
1. A Wharton rearrangement transform (using the WHARTON subroutine) 
to go from an allylic alcohol back to the transposed enone. 
2. A hydrolysis transform to go from an enone back to the transposed /3-
oxy-enolether. 
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Figure 6.8: The eight Α-ring procedures; boxes indicate LMU assignments. Sub-
goal steps: (a) oiefìn introduction; (b) "diene terminus" check; (c) allylic rear-
rangement; (d) allylic oxygen shift; (e) ketone introduction; (f) conjugate ad-
dition and alkylation; (g) conjugate addition and reduction; (h) deconjugative 
alkylation. 
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Figure 6.9: The eight B-ring procedures; boxes indicate LMU assignments. Sub-
goai steps: (a) olefin introduction; (c) allylic rearrangement; (d) allylic oxygen 
shiñ; (e) ketone introduction; (f) conjugate addition and alkylation; (g) conjugate 
addition and reduction. 
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3. An oxidative selenide elimination transform to go from an allylic alcohol 
back to an α-hydroxy selenide and thence to an epoxide and finally an olefin. 
The regioselectivity, originating from diaxial epoxide opening, is checked by 
applying empirical conformation rules.24'25 
4. A haloetherification or halolactonization transform to go from an allylic 
alcohol back to the corresponding olefin using an appropriately placed group 
(alcohol, acid) on the other ring of the decalin. The intramolecular reaction 
ensures the regioselectivity of the olefin shift. 
The latter two methods are used only in the Α-ring procedures; they even 
remove the oxygen functionality (not shown in Figure 6.8) and thus allow 
the symmetrization of the diene. 
e: GET-CO: generates a ketone at a one-carbon LMU. A selection of the most 
important methods tried in this subroutine is shown in Figure 6.10.18 
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Figure 6.10: Sample subgoaJ sequences available to the GET-CO subroutine. 
R = alkyl or aryl, X = halogen, FG = any functional group. 
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f: GET-ENONE: generates an enone at a three-carbon LMU, thereby removing 
appendages α and 0 to the ketone using a conjugate addition/alkylation 
transform. The ketone is introduced first by GET_CO. 
g: GET-ENONE: also generates an enone at a three-carbon LMU, but this time 
using a conjugate addition transform to remove a /3-appendage. Viewing 
the sequence synthetically, the intermediate enolate is not protonated or 
alkylated, but trapped as an inorganic ester which is reduced to an olefin. 
Retrosynthetically, the olefin is introduced first by GET_DB. 
h: DEALKYLATE: removes appendages α to a ketone using an alkylation trans­
form. A deconjugative alkylation is used if there is an olefin on the other 
side, as in the case of the eighth Α-ring procedure. 
Examples are given for two of each of the Α-ring (Figure 6.11) and B-ring 
Me 
Et 
OH 
Et 
Me 
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xa - :xx PhSe1' => o! 
Figure 6.11: Two exampies of A-ring procedure applications. Steps: (a) oleñn 
reduction; (b) ether cleavage; (c) epoxidation; (d) carbonyl reduction to alcohol; 
(e) Claisen rearrangement; (f) selenide oxidation and elimination; (g) epoxide 
opening by selenolate. 
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Figure 6.12: Two examples of B-ríng procedure applications. Steps: (a) conjugate 
organometallic addition and alkylation; (b) hydrolysis to enone; (с) carbonyl 
reduction to alcohol; (d) ketone reduction; (e) alcohol oxidation; (f) Wharton 
rearrangement; (g) epoxidation; (h) cis-hydroxylation ofolefìn; (j) vinyl sulfonate 
reduction; (k) conjugate organometallic addition and enolate trapping by sulfonyl 
halide. 
(Figure 6.12) procedures. The majority of the B-ring procedures have a counter-
part in a similar Α-ring procedure. Of course, whereas in an Α-ring procedure 
atoms 1 and 4 end up as a diene terminus, in a B-ring procedure atoms 7 and 10 
should become ketones. A ketone (or enone, as there is an olefin at bond 9) gives 
a good handhold for synthetic elaboration or, stated differently, it is fairly easy to 
steer retrosynthetic sequences in such a way as to end up with a ketone. In fact, 
several Α-ring procedures can be seen to arrive at a ketone or enone at atoms 1 or 
4 (see Figure 6.8), which then has to be removed or converted into a group more 
suitable as a diene terminus. In the B-ring procedures such sequences are used 
in a more direct way. Enone transposition, if needed, is also almost trivial (see 
procedure B5 in Figure 6.12). Viewing a B-ring procedure in the synthetic sense, 
the ketones at atoms 7 and 10 may make operations easier but a few problems 
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may come up as well. 
The main problem would probably be that of regioselectivity. It is very dif-
ficult to assess the difference in reactivity between the two ketones of the QDA 
adduct, and thence to offer guidelines to the user on how to effect regioselectivity. 
If one ketone is much more reactive than the other, then selective transforma-
tion would be expected to be possible, or selective protection if the other ketone 
should react. This is a likely situation when the olefin at bond 9 has one ether 
substituent.14 In other cases, subtle differences in the steric environment may be 
exploited6,11'26; remarkably, the sterically least hindered carbonyl is not always 
the more reactive one.27 Because the information available is somewhat incon-
clusive and selectivity seems to be achievable in the majority of cases anyway, 
no attempt is made to assess the regioselectivity. The non-reacting carbonyl will 
usually be designated as "protected" by the program. 
6.4 Prior Procedure Evaluation 
The decalin that the long-range transform is operating on can have almost any 
substitution pattern. Thus, at the outset it is by no means obvious which sub-
goal transforms would be most appropriate. As not all procedures will be equally 
effective for a given target, an a prion assessment of their suitability is nec-
essary in order to avoid lines of analysis leading to lengthy and cumbersome 
sequences. Without this assessment, LHASA would try all 450 QDA procedures. 
The method used to pre-select the most promising QDA procedures is termed 
Prior Procedure Evaluation (PPE). 
The PPE for the QDA package is adapted from those for the Robinson an-
nulation18 and Halolactonization19 long-range transforms. Each procedure is a 
combination of a number of LMU assignments. The evaluation is done by exam-
ining those LMU's in turn and assessing how well the intended chemistry can be 
performed. "Performing chemistry" is nothing else than executing one or more 
chemistry subroutines; hence the procedure rating is expressed as a sum of subrou-
tine ratings. Procedure and subroutine ratings are roughly equal to the number 
of synthetic steps required to introduce the desired functionality and then to 
execute the procedure/subroutine. A lower number means a "higher" rating. 
To determine a subroutine rating, the feasibility of the chemical operation to 
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A-ring and B-ring procedure ratings: 
Orientation 
Al 
A2 
A3 
1 
5 
7 
3 
2 
100 
8 
2 
Bl 
B2 
B3 
1 
100 
7 
1 
2 
100 
8 
4 
QDA procedure ratings: 
Orien ation А ргос. В proc. Rating 
2 
2 
2 
2 
1 
1 
2 
2 
3 
3 
2 
2 
3 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
12 
6 
14 
8 
10 
4 
16 
12 
10 
6 
QDA procedures grouped by orientation/A procedure: 
Orientation A proc. В proc. (Rating) 
1 
1 
1 
1 
2 
2 
1 
1 
2 
2 
3 
3 
1 
1 
3 
3 
2 
2 
2 
2 
3 
2 
3 
2 
3 
2 
3 
2 
3 
2 
4 
10 
6 
12 
6 
10 
8 
14 
12 
16 
ТаЫе 6.1: Rating calculation and ordering of QDA procedures In this example, 
only three Α-ring and three B-ring procedures are used. 
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be performed at the LMU is classified as "there", "easy", "moderate", "difficult", 
or "impossible", corresponding to a rating of zero, one, three, five, or one hundred, 
respectively. The subroutine ratings are then added to give a procedure rating. 
For a given target, the ratings for the Α-ring and B-ring procedures are calculated 
for both orientations. Next, these ratings are combined to give overall QDA 
procedure ratings, as illustrated in the example of Table 6.1. Only the QDA 
procedures with a total rating of less than 100 are listed, as the other combinations 
are certain to fail. Only the best fifteen QDA procedures will be attempted. For 
efficiency reasons, these fifteen QDA procedures are subsequently reordered into 
groups which have the same orientation and Α-ring procedure. The analysis for 
the different B-ring procedures can then be resumed from a common intermediate 
structure. 
6.5 Overall Operation of the QDA Package 
The overall operation of the QDA long-range search is depicted schematically as 
a flowchart in Figure 6.13. Several of the stages in the analysis have been already 
mentioned; hence most attention will be given here to the remaining issues. 
The QDA analysis starts, as in most long-range transforms, with a definition 
of the partial retron and the way in which it can be "reoriented". Here, of course, 
the retron is a carbocyclic bicyclo[4.4.0] ring system and a reorientation can be 
done by exchanging the Α-ring and B-ring assignments of the decalin system. The 
next step is a prescreen to exclude unsuitable targets. Several checks are per­
formed here for features which would make the final QDA transform impossible, 
infeasible, or too cumbersome, and which are not removed by the present sub-
goal capabilities. Such features include unsuitably placed fused, bridged, and/or 
aromatic rings, or an olefinic or unsuitably substituted decalin fusion. Aromatic 
targets are allowed, though. Since no separate procedures have been devised to 
handle aromatic targets, a dearomatization transform is attempted before any­
thing else, e.g., a double acetate elimination.28 The non-aromatic precursor can 
then be processed using the existing procedures. 
If the target passes the prescreen and the dearomatization step, the a- and ß-
faces must be designated, i.e., it has to be determined which faces of the molecule 
should become the a- and /J-faces. The faces are important to assess the dia-
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Done Perform and display QDA goal transform 
Figure 6.13: The QDA flowchart. 
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stereoselectivity of various transforms operating on the decalin, and to steer the 
substituents at the diene termini into the α-face. The face designation is based 
on the substitution of the decalin fusion, but a decision problem occurs when 
the fusion is trans and unsubstituted. In that case the substitution pattern on 
the rest of the decalin is taken into consideration. Substituents can often end up 
on the α-face by reduction of an exocyclic double bond (olefin or carbonyl); this 
holds for both carbon and hetero substituents. On the other hand, carbon sub­
stituents are also often introduced by addition reactions, and these are likely to 
take place on the /?-face. Hence hetero substituents are primarily used to choose 
the face designations when the fusion substitution does not provide a guideline. 
The Prior Procedure Evaluation selects the QDA procedures to be attempted, 
as outlined in the preceding section. The QDA procedures are executed in two 
nested loops. The outer one loops over QDA procedures with a common orienta­
tion and Α-ring procedure, the inner one over the B-ring procedures associated 
with a particular orientation/A-ring procedure. If an Α-ring procedure fails, or 
if there are no more B-ring procedures, the next orientation/A-ring procedure is 
attempted. When a B-ring procedure has been successfully executed, the QDA 
goal transform can be performed and the whole sequence is displayed to the user. 
The actual number of sequences generated can in fact be larger than the number 
of successful QDA procedures, because additional branching may occur in both 
the Α-ring and B-ring procedures, e.g., in the SHIFT-OLEFIN subroutine discussed 
earlier. 
6.6 The QDA Goal Step - Regioselectivity 
One issue has not been discussed yet: i.e., the regioselectivity of the Diels-Alder 
reaction. Because the reaction involves a quinone, there are actually two types of 
regioselectivity. Firstly, the quinone has two dienophilic sites, giving rise to the 
issue of site selectivity. Secondly, as with all Diels-Alder reactions, the dienophile 
can add in two different ways to the diene (disregarding stereochemistry), pro­
ducing orientation selectivity problems. 
Site selectivity is assessed by considering the electronic and steric properties 
of the substituents on atoms 5, 6, 8, and 9 (see Figure 6.6). A simple numerical 
evaluation is applied, based on Hammett a+29,3° and Taft E
s
3 1 , 3 2
 values. Hammett 
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+
 values are used rather than σ values to express the marked effect of strongly 
electron-donating groups. The site-directing effect is expressed as 400 χ σ+ + 
100 x E, for each substituent and these values are added for each dienophilic site. 
If the values of the two sites differ by more than 60 in favor of the 5,6-site, the 
site selectivity is considered to be satisfactory. Otherwise, subgoal transforms 
are attempted in order to improve the site selectivity. Two methods are tried, 
as shown in Figure 6.14. The electron density at the 5,6-site can be lowered 
by introducing an electron-withdrawing group at the fusion. Care is taken not 
to disturb the orientation selectivity (indicated schematically by introducing the 
group "ortho" to the directing group on the diene). Alternatively, the electron 
density at the 8,9-site can be increased by using a desulfurization transform.33,34 
Here the influence on the orientation selectivity is less severe and might operate 
either way (vide infra), so the sulfide can be introduced at either atom of the site. 
If the site selectivity cannot be corrected, the sequence will be abandoned. 
Orientation selectivity is treated in a similar way. However, here are some 
more substituents to be examined than with the site selectivity assessment. In­
terestingly enough, the influence of substituents with respect to orientation se­
lectivity cannot be directly related to their electron-withdrawing or -donating 
properties.35 The effect of substituents on the A ring is such that substituents 
on the diene (atoms 1, 2, 3, and 4) tend to end up "ortho" or "para" to a 
substituent on the fusion (atom 5 or 6).36"38 A rough measure is used here to 
describe the directing effect of a group, e.g., hydrogen = 0, alkyl = 2, acetoxy 
= 3, sulfide = 4, and ester = 5. Note that all numbers are positive, simply 
reflecting the fact that no group on either diene or dienophile is known to ex­
hibit a marked "meta"-directing effect. The substituent effect is larger with the 
positions next to the broken bonds (atoms 1, 4, 5, and 6).35 For the directing 
effect of the more remote positions (atoms 2, 3, 8, and 9) a weighting factor 
of 0.25 is used in the calculation. The orientation selectivity is expressed as 
(4 χ (Ei - E4) + E3 - E2) x (4 χ (E5 - E6) + E8 - E9), where En is the directing 
effect of a substituent on atom n. 
If the orientation selectivity is incorrect or insufficient, the effect of Lewis-
acid catalysis is examined. A Lewis-acid catalyst such as boron trifluoride is 
known to reverse the orientation selectivity, 16·27>39~11 as with structures I and 
II in Figure 6.15. BF3 is supposed to interact with the more basic and/or less 
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Figure 6.14: Correction of the site selectivity by FGA transforms. 
R = alkyl, R' = Η or alkyl, W = electron-withdrawing group, X = any substituent 
(to indicate the orientational preference of the diene). 
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Figure 6.15: Correction of the orientation selectivity by Lewis-acid catalysis. 
R = alkyl, R' = Η or alkyl, X = any substituent (to indicate the orientational 
preference of the diene). 
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sterically hindered carbonyl. On the other hand, tin tetrachloride has a different 
effect with quiñones containing an ether group (structure III in Figure 6.15). The 
anomalous behavior of SnCl4 has been attributed to a chelating effect,42 although 
this explanation has been critized.41 Nonetheless, the effect of SnCl4 is too useful 
to be ignored. LHASA will suggest an appropriate Lewis acid for the substitution 
patterns of Figure 6.15, and in other cases it will warn the user about a problem 
with the orientation selectivity. 
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6.7 The QDA Goal Step - Other Issues 
Two special situations may occur with the final step of the QDA analysis: A 
withdrawing group on the quinone and an o-xylylene-type structure as the diene. 
Quiñones with a withdrawing group may give somewhat less satisfactory 
results because of their high reactivity; they are better generated in situ by 
oxidation of the corresponding hydroquinone using silver oxide or manganese 
dioxide.43-45 LHASA will show the hydroquinone precursor with an appropriate 
comment. 
When bond 2 in the QDA adduct is aromatic, meaning that an aromatic 
ring is fused to the A ring, LHASA threatens to generate a diene with an o-
xylylene-type structure. This is not a problem when the A ring is bridged by a 
lactone or another aromatic ring. In the first case, the precursor would have a 
benzopyranone-type structure which has been used as a diene46; in the second, 
the precursor would be an anthracene-type diene. In other cases, the intermediate 
is shown together with its generation from stable precursors. As with other Diels-
Alder transforms in LHASA, two methods are used to generate the o-xylylene 
(Figure 6.16): (1) electrocyclic ring opening of a benzocyclobutene47 and (2) 
extrusion of sulfur dioxide from a dihydroisobenzothiophenedioxide.48 
α 
Φ OCX 
Figure 6.16: Retrosynthetic generation of stable precursors from o-xylylene-type 
dienes. 
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6.8 Sample QDA Analyses 
Three analyses are presented to demonstrate the capabilities and limitations of 
the QDA transform. 
The first target is the furanoeremophilane of Figure 6.17. This type of com­
pound has been made using the QDA reaction.49 The QDA analysis produced 21 
sequences ranging in length from six to ten steps. In thirteen of these sequences 
the ring fused to the furan ends up as the A ring, meaning that a furanoben-
zocyclobutene is used as the in situ source of the diene. In the remaining eight 
sequences, the other orientation is used, resulting in a furanobenzoquinone pre­
cursor. Three of the latter sequences are shown in Figure 6.17. The main problem 
with this target is the methyl group in the /3-face of the A ring. Two solutions 
are offered: epimerization and disconnection. The epimerization (first sequence) 
requires an electron-withdrawing group, which is introduced on the side chain 
itself by an FGA transform. It should be noted that LHASA does not evaluate 
the epimerization step; this would require energy calculations which are presently 
not within the scope of an interactive program. A user interested in this sequence 
would have to assess this issue himself. Also, there is a serious risk that the olefin 
would shift into conjugation with the ester during the epimerization. This is 
actually no problem here, as the olefin reduction can easily be carried out in an 
earlier stage of the synthesis, for instance directly after the cycloaddition. The 
rest of the sequence is straightforward. The regioselectivity of the Diels-Alder 
addition is the expected one.36 The second and third sequences both begin with 
an FGA transform to introduce a ketone and then a conjugate addition trans­
form to disconnect the methyl group. The resulting enone is 1,3-transposed in 
two ways: a hydrolysis transform to a /3-oxy enol ether and a sequence via an 
oxidative selenide elimination and epoxidation. The latter method allows the 
generation of a symmetrical diene precursor. The sequence is somewhat longer 
than the other two, however. 
The method used by Bohlmann49 to remove the methyl group was a ketone 
FGA on the α-position ("atom 3") to allow epimerization and alkylation trans­
forms to operate. LHASA'S failure to find this sequence can be attributed to a 
preference for removing side chains using conjugate additions rather than alky-
lations. In fact, alkylations are not explicitly taken into consideration in the 
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Figure 6.17: Sample retrosynthetic sequences from the Quinone Diels-Alder anal­
ysis of a furanoeremophilane. Steps: (a) olefìn reduction; (b) ketone reduc-
tion; (c) alcohol reduction; (d) ester reduction to primary alcohol; (e) conjugate 
organometallic addition; (f) epimerization; (g) hydrolysis to enone; (h) alcohol 
oxidation; (j) selenide oxidation and elimination; (k) epoxide opening by seleno-
late; (m) epoxidation; (n) quinone Diels-Alder. 
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procedures. The absence of strategies based on alkylation methodology is clearly 
a shortcoming, which can be overcome by adding alkylation methods to the ex­
isting procedures, or by adding new procedures aimed at alkylations. Otherwise, 
the sequences that have been generated are quite satisfactory. 
The second target is calaenene (Figure 6.18). Common to all sequences that 
were generated is the dearomatization step. A double acetate elimination is used, 
which allows the aromatic ring to be treated as either the A ring or the В ring. 
The first sequence exploits the relative stereochemistry of the alkyl substituents, 
which do not require further manipulation. The other sequences use the left-hand 
ring as the A ring, which does not need any modification at all. The methods 
applied are all based on conjugate addition to remove one alkyl group, and Wittig 
olefination followed by hydrogénation to remove the other one. The stereochem-
istry of the conjugate addition is apparently not assessed by the GET-ENONE 
subroutine. The alkyl group is much more likely to end up on the /?-face, so all 
the sequences are stereochemically flawed in this respect. However, reordering 
the steps might improve the situation somewhat. For example, if in the synthe-
sis the aromatization step is done earlier, the facial bias of the cis-decalin has 
disappeared and only the relative stereochemistry of the alkyl groups has to be 
addressed. 
All sequences have a major weak point at the very end: the orientation 
selectivity of the cycloadditions can be expected to be very poor, resulting in 
1:1 mixtures of regioisomeric cycloadducts. Only the second sequence has no 
regioselectivity problems, since it uses a symmetrical quinone. But there the 
problem is shifted to the regioselectivity of the Wittig reaction. Which carbonyl 
will react first, or can one perhaps be selectively protected? The influence of the 
remote methyl group seems to be too insignificant. 
Summarizing, the QDA analysis of calaenene leaves something to be desired. 
One cause for the regioselectivity problems is the limited methodology for dearom-
atization transforms presently implemented. Other methods (e.g., carbon dioxide 
cycloelimination) might offer more opportunity for regiochemical bias in the di-
ene. 
The third and last sample target is forskolin (Figure 6.19). LHASA notices a 
masked olefin in the target, and a cis-glycolization transform can be applied to 
uncover it. The olefinic precursor is the actual target to which the QDA strategy 
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Figure 6.18: Sample retrosynthetic sequences from the Quinone Diels-Alder anal­
ysis of calaenene. Steps: (a) aromatization by double elimination; (b) olefin 
reduction; (c) ketone reduction; (d) esterifìcation; (e) conjugate organometallic 
addition; (f) carbonyl reduction to alcohol; (g) alcohol oxidation; (h) Wharton 
rearrangement; (j) hydrolysis to enone; (к) epoxidation; (m) Wittig olefination; 
(η) quinone Diels-Alder. 
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Figure 6.19: Sample retrosynthetic sequence from the Quinone Diels-Alder anal-
ysis of forskolin. Steps: (a) cis-hydroxylation of olefìn; (b) olefìn reduction; (c) 
ether cleavage; (d) cyclopropane reduction; (e) cyclopropanation; (f) Wittig ole-
fìnation; (g) alcohol oxidation; (h) Wharton rearrangement; (j) epoxidation; (k) 
carbonyl reduction to alcohol; (m) acetylene hydration; (n) acetylide addition 
to carbonyl; (p) reductive elimination to acetylene; (q) Wittig using CBr4; (r) 
epimerization; (s) quinone Diels-Alder. 
is applied. Just one sequence is generated, which is shown in Figure 6.19. In 
the orientation chosen the A ring is the left-hand ring. The GET-CO subroutine 
removes the dimethyl group using steps (d) to (f). Obviously, the cyclopropane 
reduction can hardly be carried out at this stage, but an alternative could be 
provided by direct (jem-dimethylation of the ketone. The ketone is subsequently 
taken back to an ether. Discrimination between the two ethers on the A ring 
can conceivably be achieved by internal protection, using the nearby ketone. 
The difference in steric accessibility of the two ethers is also quite large. The 
В ring requires some more work. The first step is a Wharton rearrangement, 
which also disconnects the pyranone ring (step (h)). This ether disconnection 
is done more or less implicitly by the Wharton transform; no stereoselectivity is 
assumed. The introduction of the second carbonyl (from step (m) onwards) is 
done by the GET-CO subroutine. The route is somewhat roundabout, because the 
intermediate GET „CO is aiming at is the α-hydroxy aldehyde; it applies a sequence 
of FGI transforms to get there. A shorter route is immediately obvious from the 
scheme: each of the acetylenes (the reactant and product of step (n)) could be 
made directly from the QDA adduct. Fortunately, there is a marked difference 
in steric accessibility between the two carbonyl groups. Also the regioselectivity 
of the cycloaddition is no problem as both reactants are symmetrical. 
Interestingly, a total synthesis of forskolin based on the QDA reaction has in 
fact been considered in the literature, albeit using the other orientation.45 
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6.9 Conclusion 
The development and implementation of the QDA package has resulted in a 
transform-based strategy which allows LHASA to generate retrosynthetic se­
quences of more than 20 steps in its search for the goal transform application. 
Moreover, usually 10 to 20 alternative routes are produced, giving the user am­
ple opportunity to ponder over the synthetic possibilities of his target molecule 
offered by the QDA reaction alone. 
The capabilities of the QDA package are quite impressive due to the various 
procedures that have been devised. An alternative subgoal mechanism would 
be an automatic one based on 2-D patterns50; while this mechanism would offer 
a much more general method to search for subgoal transforms, it is presently 
insufficient to generate subgoal sequences of a similar length. However, the tech­
nique of devising procedures is not the ultimate solution to the subgoal-search 
problem in a long-range transform either. The procedures form only a selection 
of all the possible chemistry that can be done, and often has been done, on the 
QDA adduci. The eternal trade-off between power and generality forces choices 
to be made. This can again be seen with the most recent addition to the QDA 
package, the capability to process aromatic targets (naphthalenes and tetralins). 
At present only a few methods to dearomatize the target are implemented; but 
the many methods available to obtain aromatic products from a wide variety of 
QDA adducts would result in a whole group of new substructure-goals to be con­
sidered. It is at this point that the limitation of the procedure-based approach is 
felt. If more targets were to be eligible for the QDA long-range transform, includ­
ing targets in which one ring of the decalin has been cleaved, a better approach 
would probably be to devise a "decalin feeder" transform to convert a target to a 
non-aromatic decalin precursor. The decalin feeder would be a "super subgoal" 
transform dedicated to the QDA long-range transform, and perhaps some of the 
other long-range transforms as well. 
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Glossary of Terms Used 
Actual conditions. A text string which is displayed instead of the prototype 
conditions. 
Antithetic. Synonymous to retrosynthetic. 
Chiron. Contraction of chiral synthon. Chiral starting material or advanced 
intermediate used as a building block in a synthesis. 
CHMTRN. The English-like language in which the source code of the LHASA 
knowledge base is written. 
Connection. See reconnection. 
Core functionality. All common functional groups such as ketone, olefin, amine, 
and acid. Most transforms in the knowledge base are keyed by core groups. 
Disconnection. Retrosynthetic breaking of a bond, usually a carbon-carbon 
bond. 
FGA. See functional group addition. 
FGI. See functional group interchange. 
FGR. See functional group removal. 
FGT. See functional group transposition. 
Full retron. An exact retron. See also partial retron. 
Functional group addition. Retrosynthetic introduction of a functional group. 
Functional group interchange. Retrosynthetic exchange of one functional group 
for another. 
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Functional group removal. Retrosynthetic removal of a functional group. 
Functional group transposition. A functional group interchange where the func-
tional group shifts from one location to another. 
Goal transform. Transform which can accomplish the goal of a retrosynthetic 
strategy. 
Heuristic. Rule of thumb. 
Keying. See transform keying. 
LMU. See localized matching unit. 
Localized matching unit. A substructure at which a specific subgoal sequence 
can be performed. 
Masked functionality. Less common functional groups which are often "dis-
guised" versions of core groups. 
Mechanism. In a transform entry, the section of code that constructs the pre-
cursor structure(s) from the target structure. 
Orientation. In long-range transforms, a way in which a full retron can be 
mapped onto a partial retron. 
Partial retron. A substructure derived from the exact retron by a structure 
generalization. 
PPE. See prior procedure evaluation. 
Precursor. The result of the application of a transform to a target molecule. 
Prior procedure evaluation. A technique used to pre-select the most promising 
procedures. 
Procedure. A subgoal transform sequence corresponding to a complete assign-
ment of LMU's to the retron. 
Prototype conditions. The "standard" conditions for which LHASA knows the 
reactivity level with respect to its list of functional groups. 
131 
Qualifier. A "sentence" in CHMTRN. 
Rating. See transform rating. 
Reconnection. Retrosynthetic creation of a bond, thus creating a new ring in 
the precursor. 
Retron. The substructure, characteristic for a particular transform, whose pres-
ence is required for that transform to be directly applicable. 
Retro-reaction. See transform. 
Retrosynthetic analysis. The stepwise conversion of a target molecule into sim-
pler compounds by way of transforms. 
Retrosynthetic strategy. A guiding principle for retrosynthetic analysis which 
will lead to some type of molecular simplification. 
Retrosynthesis. See retrosynthetic analysis. 
S-Goal. See structure-goal. 
SS-Goal. See substructure-goal. 
Structure-goal. Retrosynthetic strategy aimed at the conversion into a particular 
structure. 
Subgoal transform. Transform which can pave the way for a goal transform that 
cannot be applied directly. 
Substructure-goal. Retrosynthetic strategy aimed at the establishment of a par-
ticular substructure. 
Synthon. A synthetic equivalent, building block, or central intermediate. 
Tactical combination. The retrosynthetic equivalent of a standard reaction se-
quence ("synthetic cliché"). 
Target. The molecule to be synthesized and being subjected to retrosynthetic 
analysis. 
T-Goal. See transform-goal. 
Transform. A retrosynthetic step corresponding to a reaction. In this meaning 
it is synonymous to retro-reaction. The term "transform" is also used for a 
retro-reaction entry in the knowledge base, and even for the corresponding 
section of source code. 
Transform-goal. Retrosynthetic strategy aimed at the application of a particular 
transform. 
Transform keying. Certain features, for instance the retron, are required before 
a transform can be applied. These features are said to key the transform. 
Transform rating. A number on a scale of 0 to 100 indicating the general quality 
of a transform application. 
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Summary 
Computer Methods in Synthetic Analysis 
Applications to Reaction Retrieval and Synthesis Design 
In the past century, organic synthesis has shown a steady progress which is re-
flected in two ways: (1) the increasing complexity of target molecules whose 
synthesis is undertaken; and (2) the continuous development of new synthetic 
methodology. Computers are used more and more in organic synthesis, notably 
for reaction database systems. These systems allow to keep the growing flow of 
information under control. The usage of computer programs which can generate 
synthesis routes is another matter, however. Two possible causes for the limited 
acceptance of synthesis design systems can be mentioned: (1) these systems are 
usually developed in an academic environment where the need for research results 
is at odds with the development of a professional user interface; and (2) users 
often have unduly high expectations of synthesis design systems and at the same 
time they exhibit a considerable lack of appreciation for the suggestions produced 
by the systems. Hopefully the research described in this thesis will contribute 
to a better understanding of the operation and application of synthesis design 
systems. 
The first chapter is a review on computer-assisted organic synthesis and pro-
vides a general background for the remainder of the thesis. Reaction database, 
synthesis design, reaction prediction, and mechanism elucidation systems are 
described, and the distinction between logic-oriented and information-oriented 
programs is discussed. 
Reaction databases are the subject of chapter 2. A fully automated proce-
dure has been developed to assess the overlap between two reaction databases. 
Ideally, one would like to perform a full reaction center overlap analysis, but a 
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overlap analysis based on chemical structures is hampered by the different rep-
resentations used for structures and/or reactions. Hence a different method was 
used to establish the equality or similarity of reaction entries. The procedure 
developed here determines the number of entries in a given database sharing the 
bibliographic references with entries in another database. This number has been 
related to the number of shared reactions through a statistical analysis of sample 
queries. In the answer sets obtained from those queries (which had identical re-
action centers) the bibliographic overlap was determined in order to establish a 
correlation between reaction center overlap and bibliographic overlap. Half of the 
entries sharing the reference was seen to contain the same reaction centers. Ad-
ditionally, an earlier overlap analysis has been repeated to investigate the trend 
in database overlap size. 
Chapter 3 covers the principles of retrosynthetic analysis, a problem-solving 
technique used in the synthesis design of complex target molecules. In retrosyn-
thetic analysis, a synthesis is designed starting from the target molecule and 
reasoning backwards to simpler compounds and eventually to possible starting 
materials. The backward steps are called "transforms". A prominent role is 
played by the retrosynthetic strategies, which are generally based on the identi-
fication of the most important obstacles for a synthesis. 
An overview of the LHASA system is given in chapter 4. LHASA is the most 
prominent and most advanced system for synthesis design currently is use. Its 
operation is strictly retrosynthetic and many of the principles of chapter 3 are 
incorporated in the system. 
Chapter 5 discusses the insights that have been gained from ten years of expe-
rience in knowledge base development at the CAOS/CAMM Center. The knowl-
edge base of the LHASA system consists mainly of transform entries describing 
the scope and limitations of chemical reactions. LHASA uses this knowledge to 
assess, for an arbitrary target molecule, the applicability of a given transform. 
The creation of a new transform entry is a form of knowledge engineering. The 
main task of the transform writer is to obtain information about the scope of a re-
action which is as complete as possible. A serious impediment to scope assessment 
is the absence of failed reactions in most literature reports. The transform writer 
has to use his/her judgment and that of other chemists to fill in the knowledge 
gaps. The primary tool for entering chemical knowledge into the LHASA system 
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is the CHMTRN language, an English-like language designed to express most 
chemical information in purely chemical terms. CHMTRN allows the creation 
of subroutines which can be used by more than one transform, thus providing a 
way to improve the efficiency of the transform-writing process. A final issue is 
quality control: thorough testing is advocated. 
A major retrosynthetic strategy in the LHASA program is the long-range, 
or transform-goal, strategy. The quinone Diels-Alder (QDA) reaction has con-
siderable synthetic power in terms of introducing structural complexity; as a 
consequence, the corresponding transform is a worthwhile goal in retrosynthetic 
analysis. The development and implementation of the QDA transform as a long-
range substrategy in the LHASA program is the subject of chapter 6. The purpose 
of the QDA long-range transform is to convert any suitable target containing a de-
calin ring system into a tetrahydronaphthoquinone to which the QDA transform 
can be directly applied. To achieve this goal, 16 retrosynthetic "procedures" have 
been devised consisting of elaborate subgoal sequences; each of these procedures 
attempts a specific method for introducing a part of the required tetrahydronaph-
thoquinone substructure. Before any procedure is applied to the target molecule, 
the likelihood of successful application is assessed to prevent unfruitful searches. 
Finally, a qualitative assessment of the regioselectivity of the goal Diels-Alder 
step is performed. Illustrative examples of retrosynthetic sequences are given. 
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Samenvatting 
Computer Methoden in Synthetische Analyse 
Toepassingen op Reactie-retrieval en Synthese-ontwerp 
In de afgelopen eeuw heeft de organische synthese een gestage vooruitgang ge-
boekt, die op twee manieren weerspiegeld wordt: (1) de toenemende complexi-
teit van de doelmoleculen waarvan de synthese ondernomen wordt; en (2) de 
voortdurende ontwikkeling van nieuwe synthesemethoden. Computers worden 
steeds meer gebruikt in de organische synthese, met name voor reactie-database-
systemen. Deze systemen maken het mogelijk om de groeiende informatiestroom 
van nieuwe synthesemogelijkheden onder controle te houden. Met het gebruik 
van computerprogramma's die syntheseroutes kunnen genereren, is het echter 
heel anders gesteld. 
Twee mogelijke oorzaken voor de geringe acceptatie van synthese-ontwerp-
systemen kunnen genoemd worden: (1) deze systemen worden meestal ontwikkeld 
in een academische omgeving, waar de noodzaak van onderzoeksresultaten in 
strijd is met de ontwikkeling van een professionele gebruikersinterface; en (2) ge-
bruikers hebben vaak ten onrechte te hoge verwachtingen van synthese-ontwerp-
systemen en tegelijkertijd weten zij de suggesties, die deze systemen produceren, 
niet naar waarde te schatten. Hopelijk zal het onderzoek beschreven in dit proef-
schrift bijdragen aan een beter begrip van de werking en toepassing van synthese-
ontwerpsystemen . 
Het eerste hoofdstuk geeft een overzicht van computer-ondersteunde orga-
nische synthese en levert een algemene basis voor de rest van het proefschrift. 
Een aantal systemen voor reactiedatabases, syntheseontwerp, reactievoorspelling 
en mechanismeopheldering wordt beschreven, en het onderscheid tussen logica-
en informatie-georiënteerde programma's wordt besproken. 
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Reactiedatabases vormen het onderwerp van hoofdstuk 2. Een volledig geau-
tomatiseerde procedure is ontwikkeld om de overlap tussen twee reactiedatabases 
te beoordelen. Idealiter zou men een overlap analyse gebaseerd op reactiecentra 
willen doen, maar een structuur-gebaseerde overlap analyse wordt bemoeilijkt 
door de diverse representaties die voor structuren en/of reacties gebruikt wor-
den. Daarom is een andere methode gebruikt om de gelijkenis tussen reactie-
entries te bepalen. De hier ontwikkelde procedure bepaalt het aantal entries in 
een gegeven database die dezelfde bibliografische referentie bevatten als een entry 
in een andere database. Dit aantal is in verband gebracht met het aantal (bijna) 
gelijke reacties door middel van een statistische analyse van een steekproef van 
zoekvragen. In de zoekresultaten van deze vragen (die identieke reactiecentra 
bevatten) is de bibliografische overlap bepaald om het verband tussen reactiecen-
trum overlap en bibliografische overlap vast te stellen. De helft van de entries 
met dezelfde referentie bleek ook dezelfde reactiecentra te bevatten. Bovendien 
is een eerdere overlap analyse herhaald om de trend in de grootte van database 
overlap te onderzoeken. 
Hoofdstuk 3 belicht de principes van de retrosynthetische analyse, een pro-
bleem-oplossingstechniek die in het synthese-ontwerp van complexe doelmoleculen 
gebruikt wordt. In de retrosynthetische analyse wordt een synthese ontwor-
pen uitgaand van het doelmolecule en terugwaarts redenerend naar eenvoudigere 
verbindingen en uiteindelijk naar mogelijke uitgangsstoffen. De terugwaartse 
reactie-stappen worden "transforms" genoemd. Een centrale rol is weggelegd 
voor de retrosynthetische strategieën, die in het algemeen gebaseerd zijn op de 
identificatie van de belangrijkste struikelblokken voor een synthese. 
Een overzicht van het LHASA systeem wordt in hoofdstuk 4 gegeven. LHASA 
is het voornaamste en verst ontwikkelde synthese-ontwerp systeem dat momenteel 
gebruikt wordt. Het werkt strikt retrosynthetisch en vele van de principes van 
hoofdstuk 3 zijn erin verwerkt. 
Hoofdstuk 5 bespreekt de inzichten die zijn verkregen in tien jaar knowledge-
baseontwikkelingswerk aan het CAOS/CAMM Center. De knowledge base van 
het LHASA systeem bestaat voornamelijk uit transform-entries die het toepas-
singsgebied en de beperkingen van chemische reacties beschrijven. LHASA ge-
bruikt deze kennis om voor een willekeurig doelmolecule de toepasbaarheid van 
een gegeven transform te beoordelen. De creatie van een nieuwe transform-entry 
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is een vorm van "knowledge engineering". De voornaamste taak van de transform-
schrijver is om zo compleet mogelijke informatie te verkrijgen over het toepas-
singsgebied van een reactie. Een ernstige hinderpaal voor het bepalen van dit 
toepassingsgebied is het ontbreken van mislukte reacties in de meeste verslagen 
uit de literatuur. De transform-schrijver moet zijn/haar beoordelingsvermogen 
en dat van andere chemici aanspreken om de lacunes in kennis op te vullen. Het 
belangrijkste gereedschap voor het invoeren van chemische kennis in het LHASA 
systeem is de CHMTRN taal, een op engels lijkende taal ontworpen om chemische 
informatie in chemische termen uit te drukken. CHMTRN maakt het mogelijk 
subroutines te creëren die door verschillende transforms gebruikt kunnen worden, 
en zo de efficiëntie van het transform-schrijven te verhogen. Een laatste punt is 
kwaliteitscontrole: een lans wordt gebroken voor grondig testen. 
Een belangrijke retrosynthetische strategie in het LHASA programma is de 
"long-range" oftewel "transform-goal" strategie. De chinon Diels-Alder (QDA) 
reactie kan een aanzienlijke structurele complexiteit opbouwen; de overeenkom-
stige transform is daarom de moeite waard als een doel voor de retrosynthe-
tische analyse. De ontwikkeling en implementatie van de QDA transform als een 
"long-range" deelstrategie in het LHASA programma vormt het onderwerp van 
hoofdstuk 6. Het doel van de QDA "long-range" transform is om een geschikt 
doelmolecule met een decaline deelstructuur om te zetten in een tetrahydro-
naftochinon waarop de QDA transform direct toegepast kan worden. Om dit 
doel te bereiken, zijn 16 retrosynthetische "procedures" ontworpen, die uit uitge-
breide subgoal sequenties bestaan; elk van deze procedures gebruikt een bepaalde 
methode om een deel van de gewenste tetrahydronaftochinon deelstructuur in te 
voeren. Alvorens de procedures op het doelmolecule toegepast worden, wordt 
de waarschijnlijkheid van een succesvolle toepassing ingeschat om onvruchtbare 
zoekacties te voorkomen. Tenslotte wordt de regioselectiviteit van de uiteinde-
lijke Diels-Alder stap beoordeeld. Ter illustratie worden enkele voorbeelden van 
retrosynthetische sequenties gegeven. 
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